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ABSTRACT
Two component polyurea systems, on one hand, are gaining popularity as corrosion and
abrasion resistant coatings and linings while on the other hand there are a few polyurea
compositions being used as barrier against blast and ballistic threats to protect nation’s critical
infrastructure. Physical properties of polymer composites can be tailored with appropriate choice
of type, size and amount of reinforcement. In general, nano-sized reinforcements provide better
reinforcing over conventional reinforcements due to higher surface to volume ratio. In this
dissertation, the first aim is to study effect of nanoreinforcement addition on the overall character
(mechanical, chemical and microstructural) of different polyurea systems. Control tensile strength,
dynamic mechanical and nanoindentation properties of these composites are used as parameters to
rank the mechanical performance of these composites.
Evaluation of synergistic effects of various environmental factors such as temperature,
humidity, sun light, etc. on the performance of composite materials is the second challenge
addressed in this research work. Selective composites are subject to hygrothermal cycling and
ultraviolet (UV) radiation and stabilities studies for long durations. The severity of the effect of
these exposures are measured in terms of the tensile strength of composites at predetermined time
intervals. Change in the chemical makeup of these composites due to hygrothermal and UV
exposures is studied using Fourier transformed infrared (FTIR) spectroscopy. Atomic force
microscopy (AFM) is used to study the changes in polyurea microstructure due to addition of
ii

nanoreinforcements and subsequent aging. Long term mechanical performance of polyurea
nanocomposites is evaluated using time temperature superposition (TTS) principle. Effects of
different amounts of nano reinforcement on the elastic properties in polyurea nanocomposites are
studied using molecular dynamics (MD) simulations.
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CHAPTER 1
INTRODUCTION

1.1

Literature review
In the recent years, polymer and polymer composites have gained great deal of attention

due to their high strength to height ratio, wide range of material choices, ease of manufacturing
and ease of property customization to cater the specific needs. Polyurea has become a prominent
polymeric material due to its wide range of properties and applications. Polyurea is an extremely
fast curing elastomer which makes it an excellent candidate for spray coating applications.
Currently, polyurea is being used as protective coating against malicious effects of moisture and
chemicals for concrete and steels structures, joint filler and caulking agent, abrasion resistant
coating in automobile beds and open rail wagons, chemical protection linings for storage and
delivery tanks and blast and fire resistance coating for strategically critical buildings and military
personnel / delivery vehicles.
Polyurea monomer is a product of reaction between organic diamine, H2N-R-NH2,
(chemical with NH2 group) and organic isocyanate, OCN-R’-NCO, (chemical with NCO group),
where R and R’ are attached aliphatic and/or aromatic groups. In a polyurea, organic isocyanate
group along with urea linkage (NH2 linkage from diamine) form a chain segment with high glass
1

transition temperature (termed as hard segment, HS) and the remaining organic group comprising
of diamine moiety forms a chain segment with lower glass transition temperature (termed as soft
segment, SS) as shown in the Figure 1.1.

Figure 1.1: Microstructure of polyurea [1]

Thus, polyurea chain becomes an alternating linear arrangement of hard segment and soft
segment. The urea linkage of the hard segment is polar in nature due to extra lone pair of electrons
on nitrogen. Therefore, when polymer chains arrange themselves in space, strong hydrogen
bonding among urea linkages of the same polymer chain or the neighboring chains causes a
segregation of hard segments along with a very small portion of the soft segment, resulting in the
formation of hard domains at microstructural levels. The remaining non-phase segregated soft
segments coalesce together forming the soft domains in the polyurea matrix as shown in Figure
1.2. Due to this complex microstructure, polyurea display a very broad range of mechanical
responses under static and dynamic loading conditions. The blast and ballistic resistant
applications of polyurea are based on its exceptional ability to harden under applied loading and
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to alter/disperse shock waves and absorb the kinetic energy associated with these waves/ballistic
projectiles [1].

Figure 1.2: Microstructural segregation in polyurea matrix [1]

Fradgiadakis et. al. [2] reported the effect of various isocyanate and diamine ratios on the
relative proportion of hard and soft domains in polyurea and Choi et. al. [3] and Rinaldi et al [4]
studied the changes in hard and soft domain microstructure due to load application. In the tensile
testing experiments it has been observed that polyurea specimen have capability of sustaining very
large deformation. Das et al [5], [6] attempted to explain the effects different polyurea chemistry
on microstructural connectivity among polyurea hard and soft domains and hydrogen bonding in
order to develop an understanding of polyurea structure-property relationship. Yi et. al. [7] studied
viscoelastic behavior of polyurea under rate-dependent large scale conditions. Viscoelastic
characteristics of polyurea under low to high strain rates were also studied by Sarva et. al. [8] and
Roland et. al. [9]. Youssef et al [10] studied the dynamics tensile strength of polyurea bonded to
3

steel plates at ultra-high strain rate using laser-generated stress waves. They reported a tremendous
effect of high strain rates on the tensile strength on polyurea. The dynamic strength of polyurea
was reported to be 93.1±5 MPa as compared static tensile strength equal to 19.2 – 26 MPa obtained
in the present research.
Grujicic et. al. [11] provided a complete overview of various material-models available for
polyurea. Ping et. al. [12] studied the effect of curing temperature on the polyurea morphology and
properties using Fourier transformed infrared (FTIR) spectroscopy, Electrochemical Impedance
Spectroscopy and atomic force microscopy. They reported that changing the polyurea curing
temperature from 20oC to 80oC improves hydrogen bonding, segregation of hard and soft domain
and corrosion resistance.
During the impact / ballistic loading, materials experience high strain rates, high
temperature and high pressure. Effect of temperature and hydrostatic pressure of the viscoelastic
response of polyurea was studied by Roland et. al. [13] using dielectric spectroscopy. They
reported that both temperature and specific volume (and hence the pressure) affect the relaxation
time of the soft segment of polyurea. A number of experimental and numerical studies have been
carried out to study the role of polyurea in blast / impact mitigation. Behei-El-Din et. al. [14] and
Xue et. al. [15] studied the effect of polyurea layer on steel plates in impact reduction. Amini et.
al. [16] presented a numerical study investigation the effects of polyurea layer on steel plates
subjected to impulse loading. A very important numerical study on the blast-wave impactmitigation capability of polyurea as inner pads to helmet in order to minimize trauma brain injury
was carried out by Grujicic et. al. [17]. They reported that the use of polyurea suspension pads is
associated with a substantially greater reduction in the peak loading experienced by the brain
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compared to that observed in the case of the conventional foam. In another numerical study,
Grujicic et. al. [18] studied impact energy absorption capability of polyurea coatings. It was
showed that during the impact if the test temperature is closer to the glass transition temperature,
polyurea tends to display viscous type energy-dissipation by converting into glassy-state.
Qiao et. al. studied the dynamic mechanical and ultrasonic properties of polyurea [19] and
its fly ash nanocomposites [20]. Zhao et. al. [21] reported that time-temperature superposition
principle can be successfully applied in modeling high strain rate behavior of polyurea. Mock Jr.
et. al. [22] studied the dynamic properties of polyurea in term of its shock response.
Extensive improvement in modern computing resources has facilitated the development
and application of molecular simulation methods to wide array of materials. Grujicic et. al. [23]
studied shock generation and propagation in polyurea using molecular dynamics. Arman et. al.
[24] used coarse-grained models to study the viscoelastic and shock response of polyurea. They
predicted that multi-block copolymer micro-phase segregated polyurea has better shock
dissipation properties than di-block polyurea.
Since one of the most exciting applications of polyurea is its use as a blast mitigation
coating, therefore it is imperative that fire retardancy of polyurea be studied carefully. Coastache
et. al. [25] studied the fire retardancy of pure polyurea and polyurea-based nanocomposites.
Awadh et. al. [26], [27], [28] carried out significant research work related to improving the fire
retardancy of polyurea and polyurea-based nanocomposites as well. Wang et. al. [29] and
Bourbigot et. al. [30] presented excellent reviews of fire retardant polymers describing the various
mechanism of fire retardancy from the materials design perspective.
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Hygrothermal degradation of polyurea is considered an extremely slow process.
Sendijarevik et. al. [31] studied the rate of hydrolysis of polyureas based on polymeric
methylenediphenyl diisocyanate (PMDI) and toluene diisocyanate (TDI) using high performance
liquid chromatography (HPLC). They reported that in both the cases the formation of diamine,
product of hydrolysis reactions, can be well represented by a pseudo-first-order reaction or a zero
order reaction. Based on which they estimated that the half time for the hydrolysis of TDI-based
polyurea at 25OC was in the range of 18,000 to 300,000 years and the same for PMDI-based
polyurea was between 110,000 to 12,000,000 years, depending upon assumption made about
reaction kinetics.
Umemura et al [32.] reported that during hydrolytic exposure, water primarily attacks
amido type linkage between nitrogen and carbon of carbonyl group. Chemical bond between
carbon and nitrogen gets broken and water reacts to form amine group and carboxyl group attached
to the nitrogen atom. Carboxyl group further breaks down and yields carbon dioxide and amine.
--NHCONH-- + H2O  --NH2 + --NHCOOH  --NH2 + CO2 + --NH2
If the above reaction is correct then the band strength related to carbonyl group in IR
spectrum should reduce as a result of exposure to moisture.
Coleman et al [33.] studied the evolution of polyurea chemistry as a result of temperature
increase using FTIR spectroscopy. The infrared (IR) spectra for various types of as-received
polyurea thin films indicate the amorphous to crystalline microstructure at room temperature
depending upon type of diamine prepolymer used in manufacturing. As the temperature of the
amorphous polyurea was increased from room temperature (Room temp. < T < 160oC), the
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polyurea began to crystalize. However, this crystallized microstructure reverted to amorphous
microstructure as specimens are heated beyond 160oC. Ning et. al. [34] [35] explored the nature
of hydrogen bonding between carbonyl group of isocyanate prepolymer in case of
polyurethane(urea) and polyurea using FTIR spectroscopy and wide-angle x-ray diffraction
(WAXD). They reported that crystallinity of polyurethane(urea) increased continuously with
increase in content of hard segment of polymer chain.
Mwaura et. al. [36] studied the UV degradation reaction pyridyl-based aromatic polyurea
using nuclear magnetic resonance (NMR), UV/visual and fluorescence spectroscopy. They
reported that urea undergoes degradation due to UV exposure through free radical reactions. UV
radiation breaks up the urea bond and produces to primary amines as reaction products. They also
reported that presence of oxygen has, virtually, no effect on the photocleavage process. However
water present in the system participates in the reaction and helps in urea breakage.
Shah et. al. [37] studied the photodegradation of MDI based polyurethane / polyurea
elastomers. Rate of photodegradation for polyurethane and polyurea was compared using UV and
IR spectroscopy techniques. It was reported that photodegradation is more efficient for polyurea
than polyurethane.

1.2

Gaps in the current polyurea related research
From the above literature survey, it appears that while polyurea is a promising material for

blast / shock mitigation applications, the investigation about the relationship between polyurea
microstructure and its influence on the mechanical properties is still in nascent stage. Addition of
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nanoreinforcement to the polyurea gives rise to microstructural inhomogeneities. When added in
different proportions, these nanoreinforcements alter the mechanical properties of polyurea to
different extents. A correlation between the polyurea nanocomposites with different
nanoreinforcements and their mechanical properties has not been investigated. Microstructural
inhomogeneities in nanocomposites result in localized mechanical properties which may be
considerably different than bulk properties. To the best of my knowledge, thus far no attempts
have been made to capture this local response and statistically analyze it to get the macroscopic
properties of polyurea nanocomposites. Long term mechanical performance of polyurea and
polyurea based nanocomposites has not been established. Effects of various ambient exposures
such as moisture, temperature and ultraviolet on the static and dynamic performance and chemical
makeup of different types of polyurea nanocomposites have not been studied.
Molecular dynamics studies mentioned above have been concentrated on the behavior of
pure polyurea only. To the best of author’s knowledge, molecular dynamics modeling of polyurea
nanocomposites has not been attempted.

1.3

Objectives of the research work
Based on the existing gaps in the polyurea and polyurea based nanocomposites research,

the work presented in this document has following primary objectives.
1. Evaluate the effect of various nano-reinforcements on the mechanical properties of
polyurea under control (un-aged) conditions.
2. Correlate local mechanical properties of un-aged nanocomposites obtained using
8

nanoindentation with their global material performance utilizing statistical analysis.
3. Assess the effects of physical, chemical and mechanical aging on the performance of
polyurea nanocomposites.
4. Study the effect of nanoreinforcement addition on thermal stability and long term
mechanical performance of polyurea and polyurea based nanocomposites.
5. Study the effect of aging (hygrothermal and Ultraviolet) on the chemical makeup of the
polyurea and its nanocomposites.
6. To evaluate the proficiency of molecular dynamics simulations in order to study
mechanical performance for polyurea and its nanocomposites.
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CHAPTER 2
MANUFACTURING PROCEDURES AND TESTING EQUIPMETS

2.1

Manufacturing of nanocomposites
There are several proprietary polyurea formulations available which are being used for

different applications. Each of those formulations has a different set of mechanical and chemical
properties depending upon the nature of the chemical groups that make up the polyurea backbone.
The most common ways for polyurea application are spray, direct coating, injection molding and
closed die casting.
In this research work, four polyurea formulations are chosen for preliminary testing. The
detail of these four polyurea formulations is given in Table 2.1.
Polymer composites offer rather attractive alternative as materials for engineering
applications than the polymer alone. Due to evolutionary changes in materials processing and
manufacturing techniques, nano-sized reinforcements (nanoreinforcement, hereafter) are a new
class of polymer reinforcing materials which are increasingly being used to tailor the composite
properties at suitable nano or (even) molecular scale level. Novel materials processing techniques
have been developed which offer conventional reinforcing materials, such as graphite, clay, etc.,
10

at their nanoscale to achieve novel functionalities in polymeric composites. In the present research,
several nanoreinforcements have been used to manufacture nanocomposites. Table 2.2 provides
the list of all the nanoreinforcements along with their sources.
Table 2.1: List of polyurea formulations used in research
Polyurea designation
PU-1 (PUNO)
PU-2 (BF)
PU-3
PU-4

Compositional details
Versalink P 1000 amine from Air products and chemicals and
143L isocyanate from Dow chemicals as reactants. Polyurea
sheets are prepared at The University of Mississippi.
Blast flex - III polyurea system from Fyfe Co. The polyurea
sheets are prepared at The University of Mississippi by mixing
the reactants provided by Fyfe Co.
Blast flex - III polyurea system from Fyfe Co. Fyfe Co
provided 1/8" thick polyurea sheet prepared via their
proprietary process.
1/8" thick polyurea sheets provided by Line-X inc. The
sheets are made up of Line-X proprietary product "Line-x XS350".

Table 2.2: List of nanoreinforcements used in research
Material

Designation

Vendor/product

Calcium sulfate

CS

Sigma-Aldrich Corp.

Fly ash

FA

Boral Material Technology Inc.

Nanoclay, Cloisite 30B

NC

Southern Clay Products Inc.

PM1285 type of POSS

PM-POSS

Hybrid Plastics Inc.

AM0281 type of POSS

AM-POSS

Hybrid Plastics Inc.

Expandable graphite

EG

Asbury Carbons Inc.

Ammonium polyphosphate

APP

ICL Performance Products corp.
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In the next step, 1/8 inch thick sheets of nanocomposites are prepared at the materials
processing laboratory of Nano Infrastructure Research Group (NIRG) at The University of
Mississippi. All the sheets are manufactures via closed die casting technique. The details of
manufacturing process for PU-1 nanocomposite sheets are given below. Composites of other types
of polyurea were manufactured following similar routes.

2.2

Preparation of PU-1 nanocomposites (1/8" thick) plates

1.

Weigh 160 grams VP1000 diamine in a 240 milliliter disposable plastic cup.

2.

Add required amount of nanofiller to the above container. For example, add 5 grams
calcium sulfate in 100 grams polymer in order to prepare 5 phr (parts per hundred parts
resin) resin-filler mixture.

3.

Mix the two materials with the help of a stirrer, then heat the mixture in oven at 80oC for
at least 30 minutes. Repeat the cycle twice.

4.

Take cup out of the oven, immediately add 40 grams Isonate 143L (di-isocyanate) and stir
the mixture for 1 minute.

5.

Transfer the above mixture in to the Teflon mold. If the mixture is too viscous to flow
down the mold the vertically, place the Teflon mold flat surface and remove the top cover.
Pour the mixture in the open mold plate and quickly cover with the mold plate. Clamp the
mold plates together and turn the mold vertical.

6.

Place the clamped mold in the oven for curing for 4 hours at 80oC.

7.

Open the mold at the end of the curing cycle and carefully pull out the sheet.
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Various nanocomposite samples were named to represent the type(s) of nanofiller, content
of nanofiller(s) and type of curing treatment. For example, a sample with 5 phr nanoclay with 4
hours of curing at 80oC was named as "PUNC5PO" where 'PU' designates PU-1 polyurea matrix,
'NC' represents nanoclay as nanoreinforcement, 5P represents nanofiller content equal to 5 phr and
'O' represents curing treatment of the samples in the oven. Details of nanocomposites used in the
present work are given in Table 2.3.
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Table 2.3: List of nanocomposites used in the present work
Name of nanofiller
Nanoclay

Calcium sulfate

Fly ash

PM POSS

PM POSS + AM POSS

EG + APP

Amount of nanofiller (phr)

Sample designation

0.1
0.5
1
2
3
4
0.5
1
3
5
10
0.5
1
3
5
10
20
0.1
0.5
1
3
5
10
3PM+1AM
3PM+2AM
5PM+1AM
5PM+2AM
7PM+3AM
10EG+10APP
40EG+40APP

PUNC0.1PO
PUNC0.5PO
PUNC1PO
PUNC2PO
PUNC3PO
PUNC4PO
PUCS0.5PO
PUCS1PO
PUCS3PO
PUCS5PO
PUCS10PO
PUFA0.5PO
PUFA1PO
PUFA3PO
PUFA5PO
PUFA10PO
PUFA20PO
PUPM0.1PO
PUPM05PO
PUPM1PO
PUPM3PO
PUPM5PO
PUPM10PO
PU3PM1AMPO
PU3PM2AMPO
PU5PM1AMPO
PU5PM2AMPO
PU7PM3AMPO
PUEG10APP10PO
PUEG40APP40PO
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2.3

Testing and aging equipments
During the course of this research polyurea and its composite were subjected to

environmental (hygrothermal), ultraviolet, mechanical and chemical aging conditions. In order to
evaluate their control and post-aging performance, these composites were tested for mechanical
(tensile, dynamical mechanical analysis and nanoindentation), chemical (Fourier transformed
infrared analysis) and microstructural (atomic force microscope) properties.

Tensile testing
Tensile testing is carried out according to ASTM D412−06 [38]. Dog-bone shaped
samples are cut with a cutting die (S.no. 036532-36, ASTM D412-C by Qualitest) from
nanocomposite sheets (prepared via in-situ polymerization) per sample dimensions prescribed in the
above mentioned ASTM standard. Total three specimens from each nanocomposite are tested using
Instron 5982 dual column floor model test machine (Figure 2.1), equipped with video extensometer.

15

Figure 2.1: Instron 5982 dual column floor model test machine

Dynamical mechanical analysis (DMA) and Mechanical aging
Dynamic mechanical analysis tests are carried out for all thirty nanocomposite
and the control samples. All specimens are 6.3 mm wide and approximately 25 mm
long. Three specimens for each material are tested using Q800 DMA from TA instruments (Figure 2.2)
which is equipped with sub-zero temperature testing facility. The Q800 DMA can apply sinusoidal force
between 0.001N – 18N and the loading frequency can be varied between 0.01Hz – 200Hz. The Q800
DMA is also equipped with furnace capable of heating the specimen up to 600OC.
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Figure 2.2: Q800 dynamic mechanical analysis machine

Nanoindentation (NI)
Nanoindentation test for various polymer matrix nanocomposites are performed using
Nanovea Nano module nanoindentor (Figure 2.3). The nanoindentor is fitted with standard
Berkovich indentor and is capable of applying vertical force of up to 400mN to the specimen.
The max indentation depth is limited to 250 microns. The nanoindentation tests are performed
in accordance with ASTM E2546 and ISO 14577 standards. The resulting load-displacement
curves are used to calculate local elastic modulus and hardness following Field-Swain method.
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Figure 2.3: Nanovea “Nano module” nanoindentor

Fourier transformed infrared spectroscopy (FTIR)
FTIR spectroscopic studies of control and aged specimens are carried out using Agilent
Cary 630 ATR-FTIR spectroscope with diamond window (Figure 2.4). The spectroscope is
controlled using Microlab software from Agilent. The Infrared transmittance peak data obtained
from spectroscope are analyzed using Spekwin32 software. Spekwin32 is available free for
research and education purposes.
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Figure 2.4: Agilent Cary 630 ATR-FTIR and Microlab interface

Environmental (hygrothermal) aging
Rectangular sheets of composite materials are subjected to environmental aging in the
Tenney environmental chamber (Figure 2.5). The temperature in the chamber can be cycled between
-75OC – 200OC with relative humidity ranging between 20% RH – 95% RH. The chamber has Versa
Tenn III controller to create and execute a temperature and relative humidity loop program for
continuous environmental cycling. The environmental chamber is connected to data acquisition
software to capture temperature and humidity variation during the environmental cycling.
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Figure 2.5: Environmental chamber for hygrothermal aging of composites

Ultraviolet (UV) aging
The ultraviolet aging chamber is manufactured in the NIRG laboratory. For UV aging,
a 19” x 9.5” x 7” wooden box was coated with ¼ inch thick UV filter sheet and a UV lamp
(Figure 2.6). The sheet is capable of filtering out 100% of UV light below 390 nm and 98%
between 390 nm and 400 nm. The UV lamp is purchased from UVP, LLC, Upland, CA, USA.
The lamp can produce 365, 302 or 254 nm wavelength UV light. UV light with 302 nm wavelength
is used in the research work presented herein.
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Figure 2.6: Ultraviolet (UV) aging setup

Chemical aging
Chemical aging is polymer nanocomposite was carried out Q500 thermogravimetric
analyzer (TGA) (Figure 2.7) with auto sampler from TA Instruments. The furnace in Q500 can
heat the specimen from room temperature to 1000OC in nitrogen stmosphere. The furnace heating
rate can be controlled between 0.1OC/minute – 100OC/minute. The attached auto sampler can hold
16 samples in one batch.
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Figure 2.7: Q500 Thermogravimetric analyzer

Atomic force microscope (AFM)
AFM instrumentation setup, Nanoscope IIIa multimode scanning probe microscope, used in
this work for the imaging polyurea nanocomposites is shown in Figure 2.8. In the present research,
the AFM is operated at ambient temperature. Silicon AFM cantilever probes (Tap150-Al-G from
Budget Sensors) having spring constant of 5N/m and approximate resonance frequency of 150 kHz
with reflective aluminum coating on the back side are used to generate phase images of PU-1
polyurea and its nanocomposites.
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Figure 2.8: AFM instrumentation setup used in present research
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CHAPTER 3
CHARACTERIZATION OF CONTROL SPECIMENS

Depending upon the type of reinforcements, polymer composites outperform the
corresponding matrix materials in terms of mechanical, electrical and/or chemical properties.
However, the improvement in one set of properties comes at the cost of some other set of
properties. In most of the cases, in terms of property aimed for improvement, there exists a point
of inflection with respect to amount of reinforcements/additives/fillers. During the course of
development of novel materials, the desirable outcome is to achieve an optimal combination of a
set of properties, not the maximization of one property. Therefore, determination of such point of
synergy involves performing several kinds of tests on composites with varying amounts of
reinforcements/additives/fillers and data compilation.
The preliminary investigation in the present research involves thirty types of composites.
The following sections provide results about mechanical performance of all thirty composites in
un-aged (control) condition.
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3.1

Tensile testing
Dog-bone shaped samples are cut with a cutting die (S.no. 036532-36, ASTM D412-C by

Qualitest) from nanocomposite sheets. In case of elastomers, during tensile testing, specimen gets
considerably deformed in the sample gripping area. The extent of deformation in the grip area is
substantially different than that in the neck region. Hence, absolute crosshead movement is not a true
representation of material deformation in the sample neck region. In order to measure true specimen
neck deformation gauge points are marked, twenty five mm apart (approximately), in the neck region
of each specimen (Figure 3.1). Video extensometer is used to measure gauge strain which has been
referred to in the present document as "video axial strain". Specimen thickness is measured at five
different places along the gauge length of the specimen. Average sample thickness is provided as input
parameter to the tensile testing machine control program in order to calculate tensile strength of the
specimen.

Figure 3.1: Tensile test specimen with gauge marks for video extensometer
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Tensile test samples are cut from the polyurea sheets and tested on Instron machine
according to ASTM standard [38]. The results of the tensile testing are given in Figure 3.2. Among
these four polyurea systems, PU-3 has highest tensile strength of 23.6 MPa with maximum elongation
of 170%. On the other hand, PU-1 (PUNO) has maximum elongation (600%) with tensile strength
(20.1 MPa) comparable to that of PU-3. Based on a good combination of tensile strength and final
elongation, PU-2 (BF) can be the second choice. Therefore, PU-1 (PUNO) and PU-2 (BF) are
considered as optimal polyurea system with good tensile strength and high elongation for
nanocomposite manufacturing.

Figure 3.2: Tensile testing results for different Polyurea formulations
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Average tensile testing results in control (un-aged) condition for PU-1 (PUNO) with calcium
sulfate (CS), fly ash (FA), nanoclay (NC), POSS with vinyl group (PM-POSS), with mixture of PMPOSS and POSS with amine group (AM-POSS) and with mixture of expandable graphite flakes
(EG) and ammonium polyphosphate (APP) are given in Figure 3.3, Figure 3.4, Figure 3.5, Figure
3.6, Figure 3.7 and Figure 3.8, respectively. In all of the figures (Figure 3.3 - Figure 3.9), results of
the control sample (pure PU-1 (PUNO) sample) are plotted as a reference in green color.

Figure 3.3: Tensile testing results for PU-1 (PUNO) and calcium sulfate nanocomposites
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Figure 3.4: Tensile testing results for PU-1 (PUNO) and fly ash nanocomposites

Figure 3.5: Tensile testing results for PU-1 (PUNO) and clay nanocomposites
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Figure 3.6: Tensile testing results for PU-1 (PUNO) and PM POSS nanocomposites

Figure 3.7: Tensile testing results for PU-1 (PUNO) and (PM POSS + AM POSS)
nanocomposites
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Figure 3.8: Tensile testing results for PU-1 (PUNO) and (EG+APP) nanocomposites

For each nanocomposite, there is an optimum amount of nano reinforcement for achieving
desirable combination of properties. Table 3.1 contains a list of un-aged best performing
nanocomposites in each class. A comparison of tensile properties of best performing sample in each
class is plotted in Figure 3.9.
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Figure 3.9: Summary of tensile testing results for PU-1 (PUNO) nanocomposites

Table 3.1: List of PU-1 (PUNO) nanocomposites with best tensile properties in each class
Name of nanofiller
Calcium sulfate
Fly ash
Nanoclay
PM POSS
PM POSS + AM POSS
EG+APP

Best composition
PUCS1PO
PUFA10PO
PUNC0.5PO
PUPM0.5PO
PUPM3AM1PO
PUEG10APP10PO

Amount of nanofiller, (phr)
1
10
0.5
0.5
3PM+AM1
10EG+10APP

A summary of control (un-aged) tensile strength of the PU-1 (PUNO) nanocomposites used
in the present study is provided in Figure 3.10 and Figure 3.11 and that of video axial strain for
the PU-1 (PUNO) nanocomposites is given in Figure 3.12 and Figure 3.13.
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From Figures 3.10 – Figure 3.13, it can be seen that for control (un-aged) composite samples,
PU-1 (PUNO) composite with 0.5 phr PM-POSS exhibits 71% gain in tensile strength, which is the
maximum gain among all the nanocomposites. In case of polyurea with polysiloxane, Ni et al [39]
reported the possibility of reaction between Si-O-Si group and NH2 group of the polyurea chain.
During such a polymerization reaction, POSS becomes a part of polyurea soft segment. Yilgor et. al.
[40], [41] and Tyagi et. al. [42], [43] reported that the resulting mechanical properties of these
copolymers were directly related to hard segment content and soft segment molecular weight. The
addition of the POSS cage to the urea soft segment increases the molecular weight of the soft segment.
The soft segment inter-domain spacing increases whereas hard segment inter-domain spacing remains
unchanged. The increased molecular weight of the soft segment promotes the phase separation for the
copolymer which allows the hard phase to work as reinforcement spread in the soft phase which in
turn enhances the mechanical performance of the composite material. However, at the same time, a
loss of 20% in tensile strength at 10 phr PM-POSS content compared to that of pure PU-1 (PUNO)
samples.
PU-1 (PUNO) composites with low nanoclay content (0.5%) exhibit moderate (7%) gain in
tensile strength, whereas composite with 4 phr nanoclay content shows 42% loss in tensile
strength as compared to that of pure PU-1 (PUNO) samples. On the other hand, PU-1 (PUNO)
composites with calcium sulfate and fly ash as reinforcements do not show any gain in tensile
strength, even at low or moderate reinforcement contents. In case of composites with mixture of PMPOSS and AM-POSS as reinforcement in PU-1 (PUNO) as matrix, composites with low AM-POSS
content, with various PM-POSS contents, show gain in tensile strength. However, at a fixed PM-POSS
content, higher losses in composite tensile strength (as compared to pure PU-1 (PUNO) samples tensile
strength) are observed when AM-POSS content is increased.
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A second series of nanocomposite is prepared for control (un-aged) tensile testing using PU-2
(BF) polyurea as matrix materials. In case of PU-2 (BF) nanocomposites, fewer nanofiller contents
are considered based upon tensile strength performance of PU-1 (PUNO) based nanocomposite. The
choice of nanofiller content is this case is primarily governed by intentions to cover a wide spectrum
of mechanical properties using fewer composite material compositions. A list of nanocomposites
prepared using PU-2 (BF) polyurea is given in Table 3.2.

Table 3.2: List of nanocomposites with PU-2 (BF) as matrix materials
Name of nanofiller
Calcium sulfate
Fly ash
Nanoclay
PM POSS
PM POSS + AM POSS
EG + APP

Composite designation
BFCS1P
BFCS5P
BFFA5P
BFFA20P
BFNC1P
BFNC2P
BFPM0.5P
BFPM5P
BFPM3AM1P
BFEG10APP10P

Amount of nanofiller, phr
1
5
5
20
1
2
0.5
5
3 PM + 1 AM
10 EG + 10 APP

The results of tensile testing of control (un-aged) PU-2 (BF) based nanocomposites are
given in Figure 3.14 - Figure 3.17.
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Figure 3.14: Tensile testing results for PU-2 (BF) and calcium sulfate nanocomposites

Figure 3.15: Tensile testing results for PU-2 (BF) and fly ash nanocomposites
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Figure 3.16: Tensile testing results for PU-2 (BF) and clay nanocomposites

Figure 3.17: Tensile testing results for PU-2 (BF) and PM POSS nanocomposites
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In case of PU-2 (BF) as matrix, composite behavior is different than that observed in PU1 (PUNO) nanocomposites. From Figure 3.14 - Figure 3.17, it can be seen that addition of the any
type of nanofiller to PU-2 (BF) matrix creates a drop in final elongation and thus makes it slightly
less elastic compared to pure PU-2 (BF) samples. Also, it can be seen that addition of small
amounts of any of the nanofillers considered in the current work does not have any significant
impact on the tensile strength of composites. In contrast to the significant increase in tensile
strength with low amount of PM-POSS and PU-1 (PUNO), no significant increase in tensile
strength is observed in case PM-POSS and PU-2 (BF) nanocomposites. However, addition of
higher amount of filler decreases the composite properties considerably, particularly the addition
of 20 phr fly ash as shown in Figure 3.15. A similar trend is also observed in case of PU-1 (PUNO)
nanocomposites. A summary of as-received tensile strength of the PU-2 (BF) nanocomposites used
in the present study is provided in Figure 3.18 and that of video axial strain for the PU-2 (BF)
nanocomposites is given in Figure 3.19.
Figure 3.20 combines the results of tensile testing for both PU-1 and PU-2 based
nanocomposites in control (un-aged) condition in terms of tensile strength and their corresponding
energy at break. This figure serves as the basis for the selection of composites for further
characterization. It can be observed that although PU-2 based composites have higher tensile
strength but they perform poorly when coupled with their energy at break. On the other hand, PU1 based composites in general, and PU-1/PM-POSS composites in particular, perform better in
terms of combination of tensile strength and energy at break. Hence, it was decided to select only
PU-1 based composites for aging studies.
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Figure 3.18: Comparison of control (un-aged) tensile strength of PU-2 (BF) nanocomposites
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Figure 3.19: Comparison of control (un-aged) video axial strain of PU-2 (BF) nanocomposites
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3.2

Dynamic mechanical analysis
Polyurea is a thermoplastic elastomer. Owing to the viscoelastic nature, its mechanical

response depends upon testing temperature and loading rate. In the present work, DMA testing is
used to measure viscoelastic response of composites. In DMA testing, a small cyclic force is applied
to the test specimen. The material response is reported in terms of "storage modulus" which is a
measure of elastic response of the material and "viscous or loss modulus" which characterizes the
energy dissipation ability of the material. Due to viscoelastic nature, there exists a phase lag between
the applied load and the material response. The "loss tangent or tan delta" represents this phase lag
and it can be calculated as the ratio of loss modulus to storage modulus. Higher loss tangent of the
given material implies higher viscous nature of the material and hence the higher energy damping
characteristics.
Frequency sweep test is performed on all test specimens. The test specimen is placed in tensile
clamps and is subjected to a small tensile stress of 0.25 MPa at a spectrum of loading frequencies and
constant temperature of 35oC. The load is chosen in such a fashion that the material behavior remains
within the elastic range. The viscoelastic response of the material is recorded in terms of storage
modulus and (or) loss modulus of the material vs. loading frequency.
In case of mechanical testing of polymeric materials, viscosity driven behavior dominates
at low loading frequencies and as the loading frequency increases they become stiffer and tend to
exhibit elastic solid like behavior (see Figure 3.21 [44]). Therefore, it is predicted that the polymer
storage modulus will increase as the loading frequency is increased. A similar trend is observed
(Figure 3.22 - Figure 3.27) during the DMA testing of nanocomposites evaluated in the present
work.
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Figure 3.21: Effect of frequency on mechanical properties in polymers [44]

In this study, test specimens are subjected loading frequencies of 1 hertz, 50 hertz, 100 hertz,
150 hertz and 200 hertz. Average storage modulus as reported by DMA testing for PU-1 (PUNO)
with calcium sulfate, fly ash, nanoclay, PM-POSS, various mixtures of PM POSS and AM POSS
and various mixtures of expandable graphite (EG) and ammonium polyphosphate (APP) are given in
Figure 3.22, Figure 3.23, Figure 3.24, Figure 3.25, Figure 3.26 and Figure 3.27, respectively. In all
of the figures (Figure 3.22 - Figure 3.34), results of the control sample (pure PU-1 (PUNO) sample)
are plotted as a reference (in green color).
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Figure 3.22: DMA frequency sweep test results for PU-1 (PUNO) and calcium sulfate
nanocomposites

Figure 3.23: DMA frequency sweep test results for PU-1 (PUNO) and fly ash nanocomposites
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Figure 3.24: DMA frequency sweep test results for PU-1 (PUNO) and nanoclay
nanocomposites

Figure 3.25: DMA frequency sweep test results for PUNO and PU-1 (PM-POSS)
nanocomposites
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Figure 3.26: DMA frequency sweep test results for PU-1 (PUNO) and (PM+AM) POSS
nanocomposites

Figure 3.27: DMA frequency sweep test results for PU-1 (PUNO) and Expandable graphite +
Ammonium polyphosphate nanocomposites
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For each class of nanofillers, the material storage modulus is observed to vary with the amount
of nanofiller in the nanocomposite (Figure 3.22 - Figure 3.34). In each class, the trend in the storage
modulus variation with respect to the amount of nanofiller is maintained at all loading frequencies
used in this study. Since during DMA testing, the material is subjected to the extremely low strains
within the elastic limits of the material, similar trend in the materials response with respect to
nanofiller content is observed in the initial part of the tensile testing curves, as shown in Figure
3.28 - Figure 3.34. This observation also demonstrates that material storage modulus response
captured in DMA experiments is a representative of material behavior at low strains within the elastic
limits, not the material response at ultimate load capacity.
An interesting observation coming from Figure 3.22 – Figure 3.27 is that for all the
composite materials the storage modulus is strongly matrix dependent, i.e. with the exception of
composite PUEG40APP40PO, even the addition of higher amounts of nanofiller does not modify the
material storage modulus considerably. However, in case of PUEG40APP40PO, it is observed that due
to higher filler content the load bearing mechanism of composite is changed and most of the load
applied in borne by reinforcement and PU-1 (PUNO) works as binding agent only. On the other hand,
in all other composites the load sharing mechanism seems similar to those found in precipitation
hardened composites where the matrix works as primary load bearing constituent of the composite
and the low amounts of fillers increase the material stiffness by hindering the polymer chain motion
during deformation.
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Figure 3.28: Low strains tensile response of PU-1 (PUNO) and calcium sulfate nanocomposites

Figure 3.29: Low strains tensile response of PU-1 (PUNO) and fly ash nanocomposites
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Figure 3.30: Low strains tensile response of PU-1 (PUNO) and nanoclay nanocomposites

Figure 3.31: Low strains tensile response of PUNO and PU-1 (PM POSS) nanocomposites
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Figure 3.32: Low strains tensile response of PUNO and (PM+AM) POSS nanocomposites

Figure 3.33: Low strains tensile response of PU-1 (PUNO) and Expandable graphite +
Ammonium polyphosphate nanocomposites
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Table3.3 contains a list of best performing nanocomposites in each class. A comparison of
DMA results for best performing sample in each class is plotted in Figure 3.34.

Figure 3.34: Summary of DMA testing results for PU-1 (PUNO) nanocomposites

Table 3.3: List of nanocomposites with best DMA properties in each class
Name of nanofiller
Calcium sulfate
Fly ash
Nanoclay
PM POSS
EG+APP

Best composition
PUCS10PO
PUFA20PO
PUNC3PO
PUPM1PO
PUEG40APP40PO
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Amount of nanofiller, (phr)
10
20
3
1
40+40

Another important parameter that is determined from the frequency sweep test is the tanδ
(tan delta). As explained in the earlier section, tanδ represents the ratio of material’s loss modulus
to storage modulus and is directly related of the material’s ability to dissipate energy in the form
of heat. These values, for various PU-1 (PUNO) based nanocomposites, are reported in Figure
3.35 - Figure 3.40 as a function of loading frequencies. In general, from these figures it can be
seen that the tanδ values almost double as the loading frequency is increased from 1Hz to 200Hz.
This behavior can be explained on the basis of change in material nature as the loading frequency
is changed which implies that the material is strain rate dependent. At higher frequencies,
viscoelastic materials primarily behave as elastic materials. At low frequency loading, the larger
amount of energy dissipated for polymer chain spatial rearrangement. However, at higher
frequencies, the polymer chains do not get sufficient time for spatial rearrangement and therefore
a large amount of energy is dissipated as heat which leads to higher tanδ values at higher loading
frequencies.
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Figure 3.35: tanδ variation during DMA testing for PU-1 (PUNO) and calcium sulfate
nanocomposites

Figure 3.36: tanδ variation during DMA testing for PU-1 (PUNO) and fly ash
nanocomposites
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Figure 3.37: tanδ variation during DMA testing for PU-1 (PUNO) and nanoclay
nanocomposites

Figure 3.38: tanδ variation during DMA testing for PU-1 (PUNO) and PM-POSS
nanocomposites
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Figure 3.39: tanδ variation during DMA testing for PU-1 (PUNO) and (PM+AM) POSS
nanocomposites

Figure 3.40: tanδ variation during DMA testing for PU-1 (PUNO) and Expandable graphite +
Ammonium polyphosphate nanocomposites
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For the case of calcium sulfate and PU-1 (PUNO) nanocomposites, there is no appreciable
change in tanδ values as the filler content is increased (Figure 3.35). In case of nanocomposites
with fly ash (Figure 3.36), tanδ remain approximately same for low filler contents. However, the
tanδ values tend to drop at higher fly ash contents. A drop of 12 − 27% at
various loading frequencies is observed in composite material with 20 phr fly ash content.
On the other hand, in case of nanoclay and PU-1 (PUNO) composites, tanδ values increase at
higher filler content (3 phr and 4 phr) at low frequencies (Figure 3.37). A maximum
increase of 25% in tanδ value is observed in PU-1 (PUNO) composite with 4 phr nanoclay.
However, the gain in tanδ values decreases at higher loading frequencies. A similar trend of higher
tanδ values at higher filler contents (5 phr and 10 phr) is observed in case of PU-1 (PUNO) and
PM-POSS nanocomposites (Figure 3.38).
In case of PU-1 (PUNO) composite with different amounts of PM-POSS and AM-POSS
mixture, tanδ values increase with increase in total filler loading (total phr of PM-POSS and AMPOSS) for all frequencies (Figure 3.39). This change in tanδ value with respect to filler content is
more pronounced at low frequencies and it decreases as frequency is increased. At frequency of 1
Hz, tanδ value for PUPM7AM3PO is twice the tanδ for pure PU-1 (PUNO). However, the same
ratio drops to 1.6 at the loading frequency of 200 Hz. In the same manner, tanδ values increase
with both filler content and loading frequency for PU-1 (PUNO) and composites with different
amounts of expandable graphite and ammonium polyphosphate as shown in Figure 3.40.
Frequency sweep analysis using DMA is performed for control (un-aged) PU-2 (BF) based
nanocomposites listed in Table 3.3. Results of frequency sweep are provided in Figure 3.41 –
Figure 3.44. From the storage modulus data reported at various frequencies, it is found that pure
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PU-2 (BF) is 4.7-5.3 times stiffer than pure PU-1 (PUNO) in elastic region. In this case also storage
modulus seems primarily matrix material dependent and it depends weakly on the amount and the
type of nanofiller for the reasons explained in the previous case. Material storage modulus
increases as the frequency is increased and a similar trend is observed in PU-1 (PUNO) based
composites.

Figure 3.41: DMA frequency sweep test results for PU-2 (BF) and calcium sulfate
nanocomposites
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Figure 3.42: DMA frequency sweep test results for PU-2 (BF) and fly ash nanocomposites

Figure 3.43: DMA frequency sweep test results for PU-2 (BF) and nanoclay nanocomposites
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Figure 3.44: DMA frequency sweep test results for PU-2 (BF) and PM POSS nanocomposites

Figure 3.45 shows the variation of tanδ values for various composites with PU-2 (BF) as
matrix material. As observed in the case of PU-1 nanocomposites, for all the composites tanδ
values increase with increasing frequency. However, type and amount of various fillers seem to
have only slight effect on tanδ values. In other words, as observed in case of storage modulus, for
various composites with PU-2 (BF) as matrix tanδ values are strongly coupled to matrix material.
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Figure 3.45: tanδ variation during DMA testing for PU-2 (BF) nanocomposites

3.3

Nanoindentation testing
Nanoindentation is a material characterization technique to map mechanical properties of

heterogeneous materials from microscopic scales. The current state of electronic circuitry facilitates
to perform indentation test at microscale and nanoscale on thin films, small microstructural features,
biological materials and tissues. Nanoindentation determines the mechanical properties directly
from the indentation load and the indentor displacement measurements. The method was developed
to measure the hardness and elastic modulus of a material from indentation load - displacement data
obtained during the loading and unloading of the specimen [45]. During the loading, certain
amount of the load applied on the surface creates a permanent impression in the specimen surface.
Therefore, it can be assumed that during the loading the sample is elasto-plastically deformed. However,
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upon unloading, the elastic deformation is fully recovered and the remaining plastic deformation leaves
a permanent impression on the specimen surface. A typical loading-unloading cycle obtained from
nanoindentation testing is shown in Figure 3.46. The unloading part of the load cycle is entirely
composed of recovering elastic deformation, and therefore, this unloading part of the cycle is used in
elastic modulus and hardness calculations.

Figure 3.46: Typical loading-unloading curve for nanoindentor [46]

For elastic contacts, in 1965 Sneddon proposed the following relations between applied load
P, contact radius a, and indentation depth h [46].

(3.1)

63

(3.2)

(3.3)
where, α is indentor cone half angle as shown in Figure 3.47, E* is combined elastic modulus given
by equation 3.3, E and E’ are elastic moduli for the specimen and indentor materials, ν and ν′ are
Poisson’s ratio for the specimen and indentor materials and h is the depth of the indentation as
shown in Figure 3.47.

Figure 3.47: Indentation parameter for a conical indentor [46]

Hence, the relation between the load and depth of indentation can be established by setting r =
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0, which is given by equation 3.4 as following.

( 3.4)

(3.5)

(3.6)
Taking the derivative of P with respect to h, we obtain:

(3.7)
Substituting it in to equation 3.4, we get:

(3.8)
Since, projected area of indentation area ’A’ is given as,

(3.9)
we obtain:

(3.10)
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(3.11)
In nanoindentation test, with known indentor type and geometric parameters, equation 3.11
is used to calculate combined modulus. From that, with known elastic modulus of indentor
material, Poisson’s ratios of indentor and the specimen materials, the elastic modulus of specimen
material can be calculated using equation 3.3. In order to calculate combined modulus using
equation 3.11, there are two main methods to calculate dP/dh using unloading curve: 1.) Oliver
and Pharr method, and 2.) Field and Swain method. In the first method, dP/dh is defined as the
tangent drawn at maximum loading point, whereas in the second method, dP/dh is defined as the
slope of the initial part of the unloading curve, as shown in Figure 3.48 [46].

Figure 3.48: Oliver-Pharr method and Field-Swain method to calculate ’dP/dh’ [46]

The hardness of the specimen material is calculated using loading-unloading data from the
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indentation test as following:

(3.12)
A group of six materials listed in Table 3.4 are subjected to nanoindentation testing to
determine the material hardness and elastic modulus. The nanoindentor used in the present
research is supplied by Nanovea Inc. In the present study, Berkovich type nanoindentor tip is used.
In order to perform testing, a small piece of material specimen was attached to steel block using
double sided tape. The sample is, then, placed under the nanoindentor tip and a predetermined
contact load of 0.05 millinewton is applied.
Based on our experience with similar materials, a maximum load of 25 millinewton is
chosen for nanoindentation. Once the applied load overcomes the contact load, the indentor begins
recording the applied load and the corresponding depth of indentation. Loading and unloading
curves as a function of depth of indentation are plotted on the fly. An example of such a curve is
shown in Figure 3.46. At the end of the test, Field-Swain method is used to determine material
elastic modulus and hardness.
Table 3.4: List of nanocomposites for nanoindentation testing
Designation of material
PU-1 (PUNO)
PU-2 (BF)
PUPM0.5PO
PUPM3PO
PUEG10APP10PO
PUEG40APP40PO

Type of nanofiller
None
None
PM-POSS
PM-POSS
EG+APP
EG+APP

67

Amount of nanofiller, (phr)
0
0
0.5
3
10+10
40+40

Since nanoindentation test yields the properties of a highly localized region, it becomes
imperative to collect a large number of hardness measurements followed by the suitable statistical
treatment of moduli/hardness data. Therefore, using the grid mapping method [47], thirty tests are
performed on specimen of each material listed in Table 3.4 except that in case of
PUEG40APP40PO three hundred forty tests are performed.
Figure 3.49 - Figure 3.54 contains the results of statistical analysis of elastic modulus
determined from nanoindentation test for all six materials listed in Table 3.4. Elastic modulus data
and hardness obtained from these test are first plotted as histogram. Various statistical distributions
are attempted to fit the experimental data. The fitness of the distribution was tested using
Kolmogorov–Smirnov (K-S) test with α = 0.05. Average elastic moduli with respective standard
deviation and best fit distribution for these materials are summarized in Table 3.5.
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Figure 3.49: Elastic modulus of PU-1 (PUNO) from nanoindentation test

Figure 3.50: Elastic modulus of PU-2 from nanoindentation test
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Figure 3.51: Elastic modulus of PUPM0.5PO from nanoindentation test

Figure 3.52: Elastic modulus of PUPM3PO from nanoindentation test
70

Figure 3.53: Elastic modulus of PUEG10APP10PO from nanoindentation test

Figure 3.54: Elastic modulus of PUEG40APP40PO from nanoindentation test
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Table 3.5: Elastic modulus of nanocomposites determined using nanoindentation testing
Material
PU-1 (PUNO)
PU-2 (BF)
PUPM0.5PO
PUPM3PO
PUEG10APP10PO
PUEG40APP40PO

Ave Modulus,
MPa
89
272
73
83
109
260

Std. Deviation,
MPa
17
48
13
19
22
--

Statistical
distribution
Hypersecant
Log – Logistic
Weibull
Logistic
Log – Logistic
Burr

Elastic modulus
DMA test, MPa
85.7
399.4
82.8
84.9
127.7
364

From Table 3.5, it can be seen that for PU-1 (PUNO), PUPM0.5PO, PUPM3PO and
PUEG10APP10PO elastic modulus values determined from nanoindentation and those from low
frequency DMA tests are in agreement. However, there is a large standard deviation reported for
elastic modulus values in case of PUEG40APP40PO. The large variation can be attributed to nonhomogeneity existing in the material microstructure. Under the assumption of good bonding between
the expandable graphite / ammonium polyphosphate particles and PU-1 (PUNO) matrix, the DMA
testing captures average material response whereas the range of nanoindentation testing in highly
localized. It can be seen from Figure 3.54 that majority of the elastic modulus values of
PUEG40APP40PO determined using nanoindentation testing lie in a very narrow range. Therefore
it is likely that, in nanoindentation, while most of the indentation marks are located in PU-1 (PUNO)
matrix or matrix-filler interface region of the microstructure, there are some indentations which are
directly on filler particles yielding completely different elastic modulus values.
Figure 3.55 - Figure 3.60 contains the results of statistical analysis of material hardness
determined from nanoindentation test for all six materials listed in Table 3.4. Again, various
distributions are used to fit the hardness data for the six materials. Fitness of the distribution is
tested using K-S test with α = 0.05. Average hardness with respective standard deviation values
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for all six materials as obtained from respective best fit distribution are summarized in Table 3.6.
From Table 3.6 it can be observed that, except for PUEG40APP40PO, materials hardness for pure
PU-1 (PUNO) and all the PU-1 (PUNO) based nanocomposites is comparable. The large variation in
PUEG40APP40PO hardness appears to be due to reasons mentioned in previous paragraph. Otherwise,
it appears that for all these nanocomposites, well-dispersed filler material(s) does not alter the
material hardness considerably. From the two tables it can also be seen that pure PU-2 specimen are
stiffer than pure PU-1 (PUNO) specimen and possess higher hardness values.

Figure 3.55: Hardness of PU-1 (PUNO) from nanoindentation test
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Figure 3.56: Hardness of PU-2 (BF) from nanoindentation test

Figure 3.57: Hardness of PUPM0.5PO from nanoindentation test
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Figure 3.58: Hardness of PUPM3PO from nanoindentation test

Figure 3.59: Hardness of PUEG10APP10PO from nanoindentation test
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Figure 3.60: Hardness of PUEG40APP40PO from nanoindentation test

Table 3.6: Hardness of nanocomposites determined using nanoindentation testing
Material
PU-1 (PUNO)
PU-2 (BF)
PUPM0.5PO
PUPM3PO
PUEG10APP10PO
PUEG40APP40PO

Average
hardness, MPa
15.8
25.1
9.9
14.6
16.3
19.9

Standard
deviation, MPa
4.5
1.9
3.6
5.5
5.3
28.8
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Statistical
distribution
Weibull
Gen. extreme value
Pert
Log – Logistic
Burr
Burr

CHAPTER 4
AGING OF POLYUREA AND ITS NANOCOMPOSITES

Due to their long chain microstructure, most of the polymers do not attain thermodynamic
equilibrium within the timescales involved in processing and curing. As a result, polymers
microstructure continues to evolve over the time by polymer chain rearrangement in an attempt to
progressively attain lower potential energy state. This ultimately leads to viscoelastic behavior of
polymer and, to a different extent, in their composites. Viscoelastic nature of polymers makes their
mechanical properties, both, time and temperature dependent. What adds to the complexity is that
these changes are coupled. For materials with many different phases, it is necessary to consider
the interaction between phases.
Prediction of the deformation and long-term strength of polymeric materials has emerged
as a scientific endeavor based on modern theories of linear and non-linear thermo-viscoelasticity,
failure, and aging of polymers. The technological and economic effectiveness in selecting
structural materials must be based on whether their use meets demands for improved stiffness or
strength of a given structural member and ensures its durability under the prescribed regimes of
use during its lifetime. In this context, the important issues are the strength of polymeric composite
materials under the different stress states, application environments and the characteristic of
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particular applications.
The degradation mechanisms for polymer matrix composites (PMC) may be divided into
three mechanisms: mechanical, physical and chemical [48]. These three mechanisms may be
additive or subtractive depending on material type, the environment and mechanical loads.

a.)

Mechanical aging
Mechanical degradation includes matrix cracking, delamination, interface degradation,

fiber breaks, and inelastic deformation; and thus they have direct effects on engineering properties
such as stiffness and strength. Thus in order to get a better understanding of the durability issues,
accelerated test methods based on superposition must include damage or fatigue at different levels
of loading.

b.)

Physical aging
Physical aging occurs when a polymer is cooled below its Tg, and the material evolves

towards thermodynamic equilibrium. This evolution is characterized by changes in the free
volume, enthalpy, and entropy of the polymer and will produce changes in the mechanical
properties that can be measured using DMA and universal uniaxial loading systems.

c.)

Chemical aging
Chemical aging may take place due to irreversible changes in polymer chain/network

through mechanisms such as cross-linking or chain scission. This includes thermo-oxidative,
thermal, and hydrolytic aging. At typical PMC operating temperatures (75oF-350oF), cross-linking
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and oxidation are the dominant chemical aging mechanisms. Thermo-oxidative degradation
becomes increasingly important as the temperature and time increase. Such aging will result in
increase in cross-linking density that can affect mechanical properties by densification and
increase in glass transition temperature. Nominal chemical composition of the working
environment or the pH of the environment, temperature and presence of highly corrosive / reactive
compounds are few environmental factors that lead to chemical aging.

4.1

Mechanical aging: Time-temperature superposition
Accelerated testing has been the objective of research and engineering practice for many

years. In order to predict the long term performance of a composite material, it is necessary to
conduct accelerated test experiments that resemble the long term application environment.
Typically, for qualitatively similar structural failures observed over a given temperature interval,
failure times are shorter at high temperatures. Therefore, it is hypothesized that the deformation
and long-term strength behavior diagrams observed under such conditions can be used to develop
models for prediction of long-term deformation resistance and durability under similar conditions
of damage and failure at lower working temperatures. This time-temperature concept of damage
and failure of plastic and composite materials offers the possibility of devising physically justified
methods of prediction of deformation and long-term strength based on accelerated versions of
long-duration tests.
Among all the environmental factors used in the method of equivalent damageability, the
most studied is the temperature factor. The acceleration of the relaxation and failure processes by
temperature is formulated as the method of time-temperature shifting or superposition (TTS).
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According to this method, the temperature and time of the deformation or failure are interrelated
and mutually equivalent.

The materials

that

possess such

properties

are termed

"thermorheologically simple".
The basic concept behind these methods of prediction is that the macroscopic
characteristics of long-term deformation can be described with equivalent material damage and
failure over limited temperature intervals. Further, one can exclude from the analytical
dependencies those physical characteristics of the material that change in the same way at the
temperatures of the test regimes used in modeling (typically at high temperatures and short times)
and at the temperatures for which the physical characteristics are being predicted (typically at
lower temperatures and longer test duration up to failure).
For polymers, within the range of applicability, the time-temperature superposition
principle states that material response curve, log(modulus or compliance) vs. log(time), at a certain
temperature can be shifted on the log(time) scale in order to represent material response at adjacent
temperature. This implies that for a polymeric material, the log(modulus or compliance) vs. log(time)
curve prepared for a shorter time duration at higher temperature can be shifted on the time scale (xaxis) to match the similar curve prepared at relatively low temperature (reference curve) to extend
the time range of applicability for the low temperature response as shown in Figure 4.1 [49]. By
appropriately shifting higher temperature response curves (modulus vs. log(time)), prepared over
same short-time duration, one can create a lower temperature master curve to predict material
behavior at longer time scales which are beyond the limits of experimental analysis, as shown in
Figure 4.2 [49]. However, time-temperature superposition in only valid as long as the extended time
scale does not involve material aging effects.
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Figure 4.1: Example of time-temperature superposition for polymeric materials [49]

Figure 4.2: Example of master curve generated using time-temperature superposition [49]

The extent of shifting over log(time) axis required for a curve to match the reference
temperature curve is called the "shift factor, aT ". The shift factor, aT , for a polymer is given as the
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ratio of time needed to yield a certain response at temperature T, (tT ), and time needed to yield the
same response at reference temperature T0, (t0), [50], as given below in equation 4.1.

(4.1)
The value of shift factor is a function of material properties, reference temperature and
temperature for the curve to be shifted. For the temperature ranges above glass transition temperature
of the polymer, the shift factor is generally given by Williams-Landel-Ferry (WLF) equation as
shown in equation 4.2.

(4.2)
where, C1 and C2 are materials constant.
For the temperature ranges below glass transition temperature of the polymer, Arrhenius equation is used to describe the relationship between the shift factor, curve temperature and
reference temperature, as shown in equation 4.3.

(4.3)
where, Ea is the viscoelastic activation energy of the polymer and R is the universal gas constant [50].
In the current research, materials given in Table 4.1 are subjected to time-temperature
superposition using DMA in order to predict their long term mechanical behavior.
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Table 4.1: List of nanocomposites for time-temperature superposition testing
Designation of material
PU-1
PU-2
PUPM0.5PO
PUPM1PO
PUPM3PO
PUPM5PO
PUEG10APP10PO
PUEG40APP40PO

Type of nanofiller
None
None
PM-POSS
PM-POSS
PM-POSS
PM-POSS
EG+APP
EG+APP

Amount of nanofiller, (phr)
0
0
0.5
1
3
5
10+10
40+40

In order to perform time-temperature superposition, a DMA sample is subjected to a small
tensile load for a small period of time over a series of temperatures. In the current work, the testing
is performed over a temperature range of 35oC - 170oC. The entire testing is performed and
controlled using a set of computer instructions for the DMA software. The details of the procedure
for the time-temperature superposition testing are given below.
1.

A DMA sample is cut form the composite materials sheet and initial dimensions are

recorded.
2.

The specimen is placed in a tensile grip of the DMA and the DMA furnace is closed.

3.

In the beginning, DMA temperature is raised to the initial temperature of 35oC and the

specimen is allowed to equilibrate at test temperature for 5 minutes.
4.

At the end of equilibration stage, a small tensile load is applied to the specimen the sample

is allowed to creep for 15 minutes.
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5.

The load-displacement data is recorded and materials moduli are calculated at the end of

the creep step.
6.

Next, the DMA temperature is raised by 5oC, specimen is allowed to equilibrate

for 10

minutes and loading-creep cycle is repeated.
7.

The above mentioned procedure is repeated until the final temperature of 170oC is reached.
At the end of the test, a log-log plot of test time and specimen compliance is created to

perform time-temperature superposition (TTS). Figure 4.3 shows a typical date set achieved as
result of above testing. It can be seen that as temperature is raised higher, the specimen becomes
more compliant.

Figure 4.3: Modulus data from time-temperature superposition test of PU-1
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The next step involves the creation of master curve at a predetermined reference temperature.
In order to create the master curve, the curve above and below the predetermined temperature are
shifted along the log(time) axis until they form a single curve. The amount of shift for each curve
is calculated using either equation 4.2 or equation 4.3 depending upon whether the master curve
temperature is above or below the polymer glass transition temperature, respectively. In this report, the
master curves for all six materials are created at 35oC. Figure 4.4 shows the master curve at 35oC for
the test data shown in Figure 4.3.

Figure 4.4: Master curve at 35oC from TTS data of PU-1

From the comparison of time scales of the Figure 4.3 and Figure 4.4 the primary benefit of
this technique is immediately highlighted. During the test, the data (as shown in Figure 4.3) is
collected only for 15 minutes at each temperature. However, using the master curve shown in
Figure 4.4, the time-temperature superposition enables us to predict the material behavior not for
days but for years at the curve reference temperature. Figure 4.5, 4.6, 4.7, 4.8, 4.9 and 4.10 show
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master curve at 35oC for PU-1, PU-2, PUPM0.5PO, PUPM3PO, PUEG10APP10PO and
PUEG40APP40PO respectively.

Figure 4.5: Master curve for PU-1 at 35oC using TTS

Figure 4.6: Master curve for PU-2 at 35oC using TTS
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Figure 4.7: Master curve for PUPM0.5PO at 35oC using TTS

Figure 4.8: Master curve for PUPM3PO at 35 oC using TTS
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Figure 4.9: Master curve for PUEG10APP10PO at 35oC using TTS

Figure 4.10: Master curve for PUEG40APP40PO at 35oC using TTS

Plotting the master curves for each composite material separately enables us to predict the long
time behavior of the material. However, in order to compare the effects of nanofiller(s) addition
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on the long-term performance of polyurea, one needs to put master curves of materials with different
amounts of same nanofiller on a single plot. In the present report, Figure‘4.11 compares the long
term behavior of polyurea PU-1 with different amounts of PM-POSS added as nanofiller. Two main
facts can be deduced from this figure. First, the long-term stiffness of composite materials is
proportional to the amount of PM-POSS added in the composite material. Second, In the long run,
even the addition of a small amount of PM-POSS (0.5 phr in the present case) influences the material
stiffness significantly.

Figure 4.11: Master curves for composites with different amounts of PM-POSS at 35oC
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Figure 4.12 shows the master curves plotted at 35oC for different mixtures of expandable
graphite and ammonium polyphosphate (EG+APP). Similar effects of nanofiller addition
are observed here as are observed in case of PM-POSS addition. However, one peculiarity of these
curves is that in this case the material stiffness is altered considerably at lower timescales as well.
This suggests the change in load carrying mechanism of EG+APP composites from PM-POSS
composites. In case of PM-POSS composites, the amount of nanofiller (0.5 phr and 3 phr) is very
low as compared to that in EG+APP composites (20 phr and 80 phr). In the former case, the load
is primarily carried by the polymer matrix, and hence the load carrying mechanism is similar to
that of dispersion strengthened composites. Therefore, in case of PU-1 composites with PM-POSS,
the initial stiffness for composites with different amounts of nanofiller is comparable. However,
in case of EG+APP composites, due to higher filler loading the matrix works as bonding agent and
the load carrying mechanism is similar to that observed in particulate reinforced composites.
Hence, even in the initial stages, the material with higher loading of filler materials exhibits higher
stiffness than that of low filler loading composites. Finally, the trend of higher material stiffness
with higher filler loading is still prominent at longer application timescales as observed in Figure
4.12.
Figure 4.13 shows the master curves for PU-1, PU-2, PUPM0.5PO, PUPM3PO,
PUEG10APP10PO and PUEG40APP40PO together in order to facilitate the comparison of longterm mechanical behavior of different materials. It can be seen from the figure that in the long run
PU-1 is the most compliant material whereas PUEG40APP40PO is the stiffer than other PU-1 based
materials considered for mechanical aging. The initial stiffness of PU-2 is comparable to that of
PUEG40APP40PO, but in the long run PU-2 holds its stiffness more effectively than any of the other
material listed in Table 4.1.
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Figure 4.12: Master curves for composite materials with different mixtures of expandable
graphite and ammonium polyphosphate at 35oC

Figure 4.13: Combined Master curves for all 6 materials mentioned in Table 4.1
91

4.2.1 Physical aging: Environmental aging
Over the years many researchers have contributed to develop an understanding of moisture
absorption behavior of different reinforced composite systems under the influence of various
internal factors (fiber volume fraction, fiber orientation, size of fiber reinforcement, moisture
absorption nature of fiber and type of fiber etc.) and external factors (relative humidity,
temperature of environment and the state of stress experienced by composites etc.).
Rectangular sheets of composite materials mentioned in Table 4.2 are subjected to
environmental aging in the Tenney environmental chamber (Figure 4.14). All composites with PU1 as matrix are subjected to aging cycles for 25 weeks. The entire environmental aging cycle
(temperature and % relative humidity) consists of two parts. During the first part of cycle composite
sheets are held at 125oF and 80% relative humidity for 4 hours including 45 minutes for
temperature/relative humidity ramp time. In the second part the samples are kept at 50oF and 40%
relative humidity for 4 hours including 45 minutes for temperature/relative humidity ramp time. Thus,
samples are subjected to three environmental cycles in 24 hours. The cycles are run continuously for
the pre-determined time.
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Figure 4.14: Environmental chamber for hygrothermal aging of composites

These composite sheets are taken out of the chamber at end of 4 weeks, 8 weeks, 10 weeks
and 25 weeks durations. Each time when sheets are out, three tensile testing samples are cut from
the sheets. Then sheets are placed back in the chamber and environmental cycling is resumed.
These tensile test specimens are test using Instron machine (Figure 2.1) to determine the effects of
environmental cycling on the mechanical performance of these composite materials. The results
of the tensile testing for pure PU-1 and its composites are shown in Figure 4.15 - Figure 4.22.
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Table 4.2: List of nanocomposites for Environmental aging
Designation of
material
PU-1
PUCS1PO
PUCS5PO
PUFA5PO
PUFA20PO
PUNC1PO
PUNC2PO
PUPM0.5PO
PUPM5PO
PUPM5AM1PO

Matrix

Type of nanofiller

PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1

None
Calcium sulfate
Calcium sulfate
Fly ash
Fly ash
Nanoclay
Nanoclay
PM-POSS
PM-POSS
PM-POSS+AM-POSS

Amount of nanofiller,
(phr)
0
1
5
5
20
1
2
0.5
5
5+1

Figure 4.15: Effect of environmental cycles on tensile strength of PU-1/CS composites
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Figure 4.16: Effect of environmental cycles on video axial strain of PU-1/CS composites

Figure 4.17: Effect of environmental cycles on tensile strength of PU-1/FA composites
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Figure 4.18: Effect of environmental cycles on video axial strain of PU-1/FA composites

Figure 4.19: Effect of environmental cycles on tensile strength of PU-1/NC composites
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Figure 4.20: Effect of environmental cycles on video axial strain of PU-1/NC composites

Figure 4.21: Effect of environmental cycles on tensile strength of PU-1/POSS composites
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Figure 4.22: Effect of environmental cycles on video axial strain of PU-1/POSS composites

In all the cases mentioned above, composite lose their tensile strength during the initial
periods of environmental cycling, i.e. at the end of 4 weeks. After that, the drop in tensile strength
is stabilized for the rest of the environmental cycling. In fact, some amount of recovery in tensile
strength is observed in some cases. The maximum drop in tensile strength of 56% is observed in
PU-1 composite with 0.5 phr PM-POSS after 4 weeks of environmental aging which gets stabilized
around 58% drop during further aging. PU-1 composite with 5 phr calcium sulfate shows minimum
drop of 4.5% in tensile strength at the end of 4 weeks. PUCS5PO is the only composite which, at
the end of 10 weeks, shows 18% gain in tensile strength over the control tensile strength.
Composites with PU-1 and fly ash show 16% - 20% drop in tensile strength after 4 weeks. Upon
further aging, PUFA20PO shows a moderate recovery of 6% whereas PUFA5PO continues to
degrade showing final drop of 24% in tensile strength. Composites with nanoclay show around
98

20% drop in tensile strength at the end of 4 weeks of environmental aging. Later, PUNC1PO shows
a moderate recovery of 1.5% at the end of 25 week. However, PUNC2PO continues to degrade
exhibiting 34% drop in tensile strength at the end of 25 weeks of aging.
On the other hand, no universal trend emerges for change in axial strain for aged
composites. It can be seen from Figure 4.15 - Figure 4.22 that composites with calcium sulfate, fly
ash and nanoclay report a slight gain in video axial strain as a result of prolonged environmental
aging. However, no general trend is observed about quantitative nature of this gain in video axial
strain with respect to reinforcement content in the composites. On the other hand, pure PU-1 and
its composites with POSS (PM or PM+AM) show a moderate drop in video axial after 4 weeks of
environmental aging. In case of pure PU-1, the drop in video axial strain remains constant upon
further aging whereas POSS composites show slight recovery of video axial strain upon continued
aging.
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4.2.2 Physical aging: Ultraviolet (UV) aging
In the polymer researchers’ community, it is a well-known fact that most of the polymer
experience degradation when exposed to sunlight. The degradation of the polymer may start in the
form of discoloration of the object leading to surface cracks and complete disintegration of the
polymer through photolytic, photo-oxidative and thermo-oxidative reactions. Figure 4.23 given
below summarizes the UV attack on polymers [51].

Figure 4.23: Mechanism of polymer degradation due to UV exposure [51]

The sun emits radiation over a wide range of wavelengths. The radiation with wavelengths
less than 290 nm are prevented by the ozone layer from reaching the earth surface. The total energy
of the photon with 290 nm wavelength can be calculated using Planck’s law as following [52]:
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Total photon energy = hc/λ
where, h = Planck’s constant = 6.62607x10-34 meter2.kg/sec.
c= speed of light = 3x108 meter/sec.
λ = radiation wavelength = 290 nm = 2.90x10-7 meters
 Total photon energy, E = 1.6348x10-19 calories per photon = 98.5 kcal / mole of photon.

The average bond dissociation energy for most of common organic bonds in a chemical
group e.g. C-C in alkanes and alkene, C-O in alcohols or C-N bond in amine or nitro groups, lies
in the range of 60 – 105 kcal/mole [53]. Therefore, the photon of approximately 300 nm
wavelength has sufficient energy to break these bonds and cause polymer degradation through
photo-oxidation or photolysis. In general, ultraviolet (UV) rays in sun light, reaching earth surface,
have wavelength in the range of 290 nm – 400 nm. Therefore, the polymer degradation due to sun
light exposure is primarily driven by the UV radiation.
The degradation of polymer due to UV radiation exposure comprises of three steps:
Initiation, propagation and termination [54], [55]. The overall photo-degradation process can be
summarized as following [54], [55].
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Initiation:
Initiator  Ri* (Initiating free radical)
Ri* + O2  RiOO* (Initiator peroxide radical)
RiOO* + R-H  RiOOH (Oxidation of initiator) + R* (Chain free radical)
Propagation (Degradation of the polymer chain):
R* + O2  ROO* (Chain peroxide radical)
ROO* + R-H  ROOH (Oxidation of the chain) + R* (Chain free radical)
Termination:
R* + R*  R-R
R* + ROO*  ROOR

The initiation step in the polymer degradation involves the absorption of photon and
breakage of chemical bond. The breakage of chemical bonds in main polymer chain in the presence
of certain initiators leads to the formation of free radicals. The photo-oxidation degradation of
polymers can be initiated by direct photolysis of C-C and C-H bonds, presence of residue of the
catalyst used in polymerization, Norrish-I and Norrish-II type reactions due presence of carbonyl
group, attack of oxygen on C-C/C=C bond and presence of hydroperoxide and photo-Fries
reaction.
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In the present research, tensile specimens of PU-1 based composites given in Table 4.3 are
subjected to UV radiation in accordance with ASTM standard G154-06. Details of UV aging setup
are given in Chapter 2. In the UV aging chamber specimens are spread under the UV lamp to
ensure the gauge areas of the specimens were irradiated by UV light of wavelength equal to 302
nanometers. Distance between UV lamp and sample is approximately 1.5". Each UV aging
comprises of 16 hours of UV exposure and 8 hours of immersion in water at 50oC in an oven. All
tensile specimens are exposed to UV radiation for 45 days. Figure 4.24 shows the effect of UV
radiation on appearance of composites. Effects of 45 days of UV radiation of tensile strength of
PU-1 composites are listed in Table 4.4.

Table 4.3: List of nanocomposites for UV aging
Designation of
material
PU-1
PUCS1PO
PUCS5PO
PUFA5PO
PUFA20PO
PUNC1PO
PUNC2PO
PUPM0.5PO
PUPM5PO
PUPM5AM1PO

Matrix

Type of nanofiller

PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1
PU-1

None
Calcium sulfate
Calcium sulfate
Fly ash
Fly ash
Nanoclay
Nanoclay
PM-POSS
PM-POSS
PM-POSS+AM-POSS
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Amount of nanofiller,
(phr)
0
1
5
5
20
1
2
0.5
5
5+1

Un-aged

Aged

Un-aged

Figure 4.24: Effects of UV radiation on the appearance of PU-1 nanocomposites.

Table 4.4: Effect of 45 days UV aging on tensile strength of PU-1 composites
Designation of
material
PU-1
PUCS1PO
PUCS5PO
PUFA5PO
PUFA20PO
PUNC1PO
PUNC2PO
PUPM0.5PO
PUPM5PO
PUPM5AM1PO

Control tensile
strength, MPa
27.6
18.8
15.9
19.3
17.9
18.8
19.8
35.2
21.2
20.4

Tensile strength after
UV exposure, MPa
27.8
16.4
16.1
15.7
12.3
11.6
14.3
18.3
18.6
12.3
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% change in tensile
strength
0.7
-12.8
1.3
-18.7
-31.3
-38.3
-27.8
-48.0
-12.3
-39.7

From Table 4.4, it can be reported that tensile properties of pure PU-1 specimen remain
almost unchanged (0.7% gain) after 45 days of UV exposure. However, effects of UV exposure
are more severe in case of PU-1 based composites. In fact, this observation is consistent with FTIR
spectroscopy results for UV exposed PU-1 and PU-1/PM-POSS based composites presented in
forthcoming section. Composites with calcium sulfate as reinforcement show minimum loss of
tensile strength whereas composites with PM-POSS show maximum degradation.
In a separate set of experiments, pure PU-1 and PUPM3PO tensile test specimen are
exposed to UV radiation for 45 days to perform a detailed study of deleterious effects of UV
radiation on tensile strength of PU-1/PM-POSS composites. PU-1 specimens are tested for tensile
strength after first cycle, 15 days, 30 days and 45 days of UV exposure whereas PUPM3PO
specimens are tested after 15 days, 30 days and 45 days of UV exposure. Results of tensile testing
of pure PU-1 specimen are reported in Figure 4.25 and those for PUPM3PO are given in Figure
4.26. It can be observed from Figure 4.25 that there is only minimal effect (3.7% drop) of 45 days
UV exposure on tensile strength of PU-1 specimen. However, tensile strength of PUPM3PO drops
by almost 12% after 45 days of UV exposure. Severe degradation of PM-POSS nanocomposites
can be attributed to the presence of PM-POSS particles in the polymer matrix. In cured composites,
these particles can be treated as trace impurity particles which function as initiation sites for
various photo-degradation chemical reactions.
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Figure 4.25: Effect of UV exposure on tensile strength of PU-1 specimens

Figure 4.26: Effect of UV exposure on tensile strength of PUPM3PO specimens
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4.3

Fourier transformed infrared (FTIR) spectroscopy of hygrothermally aged and UV

aged PU-1 nanocomposites
When a molecule is exposed to a light source emitting an entire spectrum of radiation, it
absorbs energy at various spectrum ranges. For any molecule, the total absorbed energy can be
described as sum of the energy possessed by electrons and rotational, vibrational and translational
energy of the molecule, i.e. [56]
Etotal = Eelectronic + Evibrational + Erotational + Etranaslational

(4.4)

Etranalational represents the molecular energy contribution due to translational motion in space
caused by thermal fluctuations. Erotational represents the energy contribution from rotation of
molecule in space which is a result of the energy absorption in microwave region. Evibrational is the
energy contribution from the vibrational motion of atoms about their mean position within the
molecule. Evibrational is higher level energy term than Erotational and is caused due to energy absorption
in infrared (IR) region of the spectrum. Eelectronic is the energy contribution linked to the energy
transition of electrons within the atoms of a molecule. These electronic transitions in an atom are
caused by the light in visible or ultraviolet range.
There are two fundamental requirements to be met for any molecule to absorb the infrared
radiation which form the basis of infrared spectroscopy. First requirement is that the frequency of
the incident light must be equal to (classical) frequency of vibration of the molecule (or, more
precisely, the bonds in the molecule) to cause the resonance. Secondly, vibration must produce a
change in the dipole moment of the molecule. Even if the molecule does not have a permanent
dipole moment, the relative vibration of the bonded atoms must produce a change in net dipole
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moment. For example, consider a symmetrical molecule of CO2 in its natural state. In the natural
state, oxygen atom has an extra lone pair of electrons on it which results in partial negative charge
on the atom. The following table shows various IR active modes of vibrations for CO2 molecule
[57].

Table 4.5:

Infrared active mode of vibrations for carbon dioxide
Mode No.

δ-

δ+

Wavenumber
cm-1
1337

IR active?

1

Dipole moment
change?
No

2

Yes

2349

Yes

3&4

Yes

667

Yes

δ-

No

O=====C=====O
O=====C=====O
O=====C=====O

On the other hand, the two hydrogen atoms in hydrogen molecule have no net partial
charges and they do not vibrate under the application of external electrical field. Hence, Hydrogen
molecule is not IR active.
In spectroscopy, it is common to identify the absorbed radiation in terms of wavenumber
(=1/ wave length) as the wavenumber associated with the radiation is directly proportional to the
energy of the radiation. It is also customary to report wavenumber in terms of cm-1.
For any organic molecule, various IR active vibrations can be divided in to two following
categories [57].
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1.

Group frequencies
On the IR spectrum of any organic molecule, the group frequencies are identifiable

between wavenumbers 4000 cm-1 and 1500 cm-1. A group frequency is a frequency which is always
found in the spectrum of a molecule containing corresponding chemical group and always occurs
in the same narrow wavenumber range. Therefore, at a group frequency the pattern of the atomic
displacements for any particular chemical group is nearly the same in every molecule containing
that group. The frequency is characteristic of group of atoms. The vibrations are largely localized
within the group.
In general, group frequencies are determined empirically by studying the spectra of many
related molecules. The interpretation of absorbed radiation wavenumbers is usually reliable and
free of ambiguities. As a custom in IR spectroscopy, the interpretation of the spectrum starts at the
high-wavenumber and work downward.
2.

Finger print region
The wavenumber region between 1500 cm-1 and 600 cm-1 in an IR spectrum is called the

finger print region of the molecule because the IR spectrum in this range is like the fingerprints
for the molecule. The absorbed radiation in this region is highly characteristic of the specific
molecule. Most of the IR absorption in this region of the IR spectrum is caused due to vibrations
of the molecule as a whole rather than being localized within a group. However, due to
involvement of the very complex vibration mode, the numerical values usually cannot be predicted
except in a very general way.
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An absorption peak in IR spectrum in the fingerprint region may be either a group
frequency or fingerprint frequency. As a rule of thumb it can be assumed that the lower the
frequency, the more likely that a band is due to fingerprint mode. Even if a band in this region has
the proper frequency for a group, it does not necessarily follow that the group is present. Therefore,
in finger print region, the absence of the absorption peak for any chemical group is considered as
stronger evidence for its absence than the presence of the peak for its presence in the molecule.
Due to ambiguity involved the spectrum in finger print region, it is desirable for a group frequency
below 1500 cm-1 to be characterized by something in addition of its wavenumber, e.g. shape of the
band (intense, broad, sharp or doublet).
At this point, one natural question arises about the number of possible bonds in IR spectrum
of a molecule. The vibrational motion of an atom in a molecule can described three principle
degrees of freedom. Therefore, a molecule with N atoms, in theory, has 3N degrees of freedom.
However, for non-linear molecule, three rigid body translational and three rigid body rotational
degrees of freedom must be discounted form the total degrees of freedom. Therefore, in theory, a
nonlinear molecule can have 3N-6 fundamental vibrations and hence, theoretically, there must be
3N-6 peaks in absorption spectrum for a molecule. However, if the molecule is linear, there are
only two principal axes of rotation which means that a linear molecule has 3N-5 fundamental
modes of vibrations, and hence, there are 3N-5 peak in the absorption spectrum.
However, in practice, one may observe fewer absorption peaks due to overlapping of the
frequency, signal weakness, limited instrument range and vibration degeneracy. Although, one
may also find more absorption peaks than 3N-6 (or 3N-5) due to presence of sum tones or
overtones in vibration spectrum (as explained in the following section). It is also observed that not
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all the absorption peaks appearing in the spectrum represent individual groups. There are some
peaks which appear due various types of vibration couplings. Mainly, there are two types of
vibration coupling which gives rise to additional peaks in the IR spectrum [57].
1.

First order coupling of vibrations
Consider two identical atoms connected by a central atom. This is same as two identical

oscillators joined together (e.g. CO2 molecule). Now, when the central carbon atom pulls away
from neighboring oxygen atom, the C-O bond stretches. However, this bond stretching results in
bond compression for the other carbon-oxygen bond. This type of interaction gives rise to coupling
of vibrations. As a result, the original two equal energy states split to give two new ones, one
higher and one lower than the original independent energy state. The splitting is symmetrical about
the average of the two original states. There are two main requirements for energy level splitting
to occur.
a. The energies of the two original unperturbed states must be less than 50 cm-1 apart.
b. There must be a physical mechanism for the splitting.
First-order coupling is involved in several important group frequencies.

i.

The stretches of all cumulated double bonds, X==Y==Z.

ii. The stretches in XY2 groups, including –CH2-.
iii. The stretches in XY3 groups, including –CH3-.
iv. The deformations of XY3 groups.
v. The N-H in-plane bending of secondary amides.
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2.

Fermi resonance (Second-order coupling)
Fermi resonance is the interaction of two states resulting in the generation of two new

states. However, in this type of energy coupling one of the two resulting states is a sum tone or
over tone. A sum tone is sum of the two energy state, e.g. νa+ νb, 2νa+ νb, νa+ νb+ νc and whereas
an over tone (harmonic) is 2νa, 3νa, 4νa, etc. In a vibration spectrum, sum tone and over tones are
usually weak and they are usually observed at wavenumber around 1% less than the corresponding
calculated value. There are three main requirements for Fermi resonance.
i. The frequencies of the original vibration couple must not be, typically, more than 30 cm-1
apart.
ii. The original couple of vibrations and the overtone or sum tone must have the same
symmetry in the group theory sense.
iii. There must be some mechanism for interactions to occur between the two original vibrating
modes.

Classification of IR radiation
Per the recommendations of Triple commission for spectroscopy, the entire IR spectrum
can be divided into three parts, as shown in Table 4.6 [58]. It is the mid-IR region which is used
in IR spectroscopy of organic molecules.
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Table 4.6: Various spectral regions of infrared radiation
Near IR
Mid IR
Far IR

cm-1
12500 - 4000
4000 - 200
200 - 10

µm
0.8 - 2.5
2.5 – 50
50 – 1000

Infrared Instruments
The infrared spectrometers operate as transmission, reflectance or ATR (attenuated total
reflectance) type spectrometer [59]. After passing through the sample, at any frequency, the
resulting infrared energy can be reported as transmittance or as absorbance where,
Transmittance (@ given frequency)
= Intensity of transmitted radiation / Intensity of incident radiation
and, Absorbance (@ given frequency) = log10(1/Transmittance)

113

4.3.1 IR spectroscopy of the un-aged PU-1
Figure 4.27 shows the IR spectrum for un-aged PU-1 polyurea used in this research. There
are certain characteristic IR bands, as described below.
In case of polyurea, the most characteristic IR absorption bands are due to amine group
(Versalink P1000) and isocyanate group (143L). The analysis of the IR spectrum starts from the
high wavenumber (left end of the spectrum) to low wavenumber. First peak in Figure 4.27 appear
at wave number ~3300 cm-1. It is a broad peak and is characteristic of stretching vibration of
secondary amine (-NH) group. The broadness in the peak is attributed to intermolecular hydrogen
bonding. Moving forward, one encounters a pair of sharp and strong peaks at ~2940 cm-1. This
pair of peaks appear due to the presence of aliphatic methylene (-CH2) group. In polyurea the
carbonyl group (-C=O), present due to isocyanate and oligomeric diamine moieties, is the next
important group to identify as it takes part in most of aging reactions. In Figure 4.27, the presence
of the hydrogen-bonded carbonyl group is identified as a medium sharp peak at ~1710 cm-1. The
IR spectrum of PU-1 presented in Figure 4.27 also contains other prominent peaks. A summary of
these peaks in provided in Table 4.7 [33], [34], [35], [60], [61], [62], and [63].
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Table 4.7: Prominent absorbance peaks in IR spectrum of pure PU-1 polyurea
IR peak wavenumber, cm-1
3500 – 3300
3050 – 2900
2270 – 2200
1740 – 1720

Peak type
Strong, broad
Strong, sharp
Strong, sharp
Medium, sharp

1720 – 1690

Strong, sharp

1670 – 1630

Strong, sharp

1650 – 1580

Strong, sharp

1550 – 1500

Strong, broad

1500 – 1430
1400 – 1360
1325 – 1250
1110 – 1090

Medium, sharp
Weak, sharp
Medium, sharp
Very strong

1020 – 1000

Weak, sharp

890 – 850
820 – 810
770 – 750

Weak, sharp
Weak, broad
Medium, sharp

Description
Stretching vibration of amine group.
Stretching vibration of CH2 group.
Stretching vibration of NCO group.
Stretching vibration of free carbonyl (C=O)
group.
Stretching vibration of disordered hydrogenbonded carbonyl (C=O) group.
Stretching vibration of ordered hydrogenbonded carbonyl (C=O) group.
In-plane bending vibration of –NH2 group in
primary amines.
-N-H deformation and –C-N stretching in
amide-II like groups.
Bending of CH2 group.
Wagging of CH2 group.
C-N stretching in aromatic amines.
C-O-C stretching vibrations in soft segment of
polyurea.
Rocking vibration of CH bond in aromatic
ring.
O-O stretching vibration in peroxides.
Out-of-plane bending of aromatic ring.
Out-of-plane bending of carbonyl (C=O)
group.

As mentioned earlier that the absence of the band is if not more but at least as important as
the presence of a band. In the PU-1 spectrum (Figure 4.27), the absence of a medium sharp peak
between 2270 – 2200 cm-1 indicates the absence of unreacted isocyanate group in the specimen
which offers a hint about the completeness of the polyurea curing reaction.
In polyurea absorption spectra, band close to 1720 – 1690 cm-1 is disordered hydrogen
bonded carbonyl group and the band close to 1670 – 1630 cm-1 is assigned to ordered hydrogen
bonded carbonyl groups. In PU-1 absorption spectrum, there is a strong band at 1710 cm-1 and a
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medium band at 1640 cm-1. Comparatively strong peak at 1710 cm-1 indicates the primarily
amorphous polyurea microstructure for PU-1. Another indication about the presence of amorphous
PU-1 microstructure comes from the broadness of the amine band at 3300 cm-1. In general, a broad
band in IR spectrum represents a collection of hydrogen bonds comprising of bonds of different
distances and geometries. Ning et al [34], [35] also reported the presence of disordered hydrogenbonded carbonyl band ~1666 cm-1 in polyurea.
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4.3.2 FTIR spectra for un-aged PU-1/PM-POSS nanocomposites
Figure 4.28 and Figure 4.29, jointly, show overlapped FTIR spectra of PU-1 and various
PU-1/PM-POSS nanocomposites used in this research. Total 5 PU-1/PM-POSS nanocomposites
with 0.5, 1, 3, 5 and 10 phr PM-POSS content, respectively, are shown in these figures. To this
date, there are no reported studies on the FTIR spectroscopy of polyurea/PM-POSS
nanocomposites to best of the author’s knowledge.
One of the first things that stand out upon comparing pure polyurea and various PU-1/PMPOSS nanocomposite spectra is that there are no new peaks appearing in the 1300 – 1100 cm-1.
This means that there are no C-Si bonds forming during the curing/post-curing reaction which
means that PM-POSS in the composite works as mechanical reinforcement.
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4.3.3 FTIR spectroscopy of hygrothermally aged of PU-1/PM-POSS nanocomposites
Based upon mechanical performance of control specimen two six month hygrothermally
aged polyurea nanocomposites with 0.5 phr and 5 phr PM-POSS along with pure PU-1 polyurea
are chosen for FTIR spectroscopic studies. Mechanical performance of PU-1 polyurea and the
above mentioned composites in hygrothermally aged condition has been discussed in Section
4.2.1.
Figure 4.30 and Figure 4.31, jointly, show overlapped FTIR spectra of PU-1 and two PU1/PM-POSS nanocomposites mentioned above. It can be readily seen that aging increases the
broadness of band at 3300 cm-1 in all the cases, representing the hydrogen bonded amine group.
This indicates the increase in the amount of hydrogen bonding among amines which could be
resulting from the increased number of amine groups due to aging. In case of aging of pure
polyurea this assumption is reinforced by the increase in intensity of bands at 1540 cm-1. From
these figures it can also be seen that addition of small amount of PM-POSS (0.5 phr) results in the
reduction of strength of peaks associated with amine (1540 cm-1), carboxyl (~1710 cm-1) and
aliphatic (2940 and 1095 cm-1) groups indicating severe degradation of composite chains network.
Severe drop in the tensile strength of aged PUPM0.5PO composite from control tensile strength
further confirm the severe degradation of polymer.

121

122

123

4.3.4 FTIR spectrum of PU-1 polyurea exposed to UV radiation
Figure 4.32 and Figure 4.33 show FTIR spectra for un-aged and aged pure PU-1. It can be
seen that spectra of un-aged and 12 hours UV exposure polyurea approximately overlap each other
indicating that the 12 hours of UV exposure has minimal effects on the chemistry of PU-1.
However, as one moves to FTIR spectra corresponding to specimen subjected to prolonged
UV exposure (15 days, 30 days and 45 days), the difference in the un-aged and prolonged aging
becomes very stark. Starting from higher wavenumber, the first prominent feature is the
broadening of the peak at 3300 cm-1 due to UV exposure which implies the presence of more
hydrogen bonded amine groups. Another peak at ~1540 cm-1 which represents N-H and C-N bonds
shows slight increase in intensity and shifts to lower wavenumber with slight broadening. The
broadening of a peak coupled with shift to a lower wavenumber is considered as a sign of increased
amount of hydrogen bonding. All these indicate the increased amount of amine groups in the
specimen which is a reaction product of photocleavage of urea link.
Specimen with prolonged UV exposure also shows a significant drop in the strength of the
peak stretching vibration of CH2 group at ~2940 cm-1. These spectra also show a considerable drop
in the strength of the peak at ~1090 cm-1 representing CH2-O-CH2 stretching vibrations. Putting
both the facts together indicate the scission of polyurea chains due to prolonged UV exposure
which is one of the reactions involved in the termination step of photo-oxidation process.
One very interesting feature appears in peaks at ~1710 cm-1 and 1640 cm-1. As mentioned
earlier, the peak at ~1710 cm-1 represents stretching vibration of disordered-hydrogen-bonded
carbonyl (C=O) group and the peak at 1640 cm-1 stretching vibration of ordered hydrogen-bonded
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carbonyl (C=O) group. Together, these peaks can be used to comment on the degree of
amorphousness of the specimen microstructure. In these FTIR spectra, it is observed that the
strength of both of these peaks increases for specimen with 15 days and 30 days UV exposure and
then it decreases for specimen with 45 days UV exposure. The increase in band strength could be
attributed to increased presence of organic peroxide radicals which are produced during the
propagation step of photodegradation. Some of the increase in the strength of these peaks can also
be attributed to oxidation of the dangling end of the broken polymer chains. In any case, from these
observations it can be claimed that UV exposure tends to destroy the crystallinity of the polymer
microstructure. Organic peroxides are reaction intermediate products and it seems that given the
sufficient time these peroxides may break in to original polymer and CO2 gas which explains the
decrease in the band strength after 45 days of UV exposure.
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4.3.5 FTIR spectrum of PUPM3PO exposed to UV radiation
Figure 4.34 and Figure 4.35 show the FTIR spectra for UV-aged PU-1/PM-POSS (3phr)
nanocomposite. Closer observation of these spectra reveals that the UV induced degradation is
much worse in case of PM-POSS composites.
As in the previous case, in this case also the peak at ~3300 cm-1, which represents N-H
stretching vibrations, gets broader after UV exposure indicating increased amount of amine groups
present on the system. However, a closer analysis of the peaks representing aged samples reveals
that strength of this peak is maximum for specimen exposed for 15 days. As the exposure time is
increased from 15 days to 30 days, the peak strength decreases. The strength of this peak further
decreases when exposure time is increased from 30 days to 45 days. Similar behavior is also
observed for peak at ~1540 cm-1 representing N-H deformation and C-N stretching in amide-II
like groups and peak at 1275 cm-1 representing C-N stretching in organic amines. This initial
increase and subsequent decrease in peak strength indicates that perhaps upon further exposure,
primary amines formed as a result of dissociation of urea get oxidized and convert into volatile
gases (e.g. NH3).
Another region of interest in spectra (Figure 4.34 and Figure 4.35) is the peak at ~2940 cm1

coupled with peak at 1090 cm-1. As mentioned in Table 4.7, peak at ~2940 cm-1 represents

stretching vibration of CH2 group and peak at ~1090 cm-1 represents C-O-C stretching vibrations
in soft segment of polyurea. As a result of UV exposure, the strength of both of these peaks
diminishes. At the same time, the width of peak at ~1090 cm-1 increases in direct proportion to
duration of UV exposure. The decrease in strength of both the peaks indicates that the amount of
CH2 groups present in soft segment of polyurea backbone (initially present in Versalink P1000
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diamine prepolymer) is getting oxidized due to UV exposure. However, increase in width and the
continuous shift to lower wavenumber with increase in UV exposure time of peak at ~1090 cm-1
presents strong hint about appearance of increasing amount of hydrogen bonding in soft segment
of polyurea.
The increasing strength of peak at ~860 cm-1 due to UV exposure offers another clue. The
peak at ~860 cm-1 represents O-O stretching vibration in organic peroxides. As explained in section
pertaining to UV aging, organic peroxides are reaction products in initiation and propagation
stages of photo-oxidation reaction.
Putting these two evidences together indicates that UV radiation is damaging C-H bond of
aliphatic chain extender in soft segment converting it into a free radical. Oxygen in the
environment reacts with this free radical yielding chain peroxide radical. As the exposure times
progresses, more and more chain peroxide free radical are formed. However, since these peroxide
radicals have very high reactivity, they get converted into –COOH or -C=O group by yielding a
water molecule. Introduction of these –COOH or –C=O group in the soft segment of polyurea
chain enables hydrogen bonding with the neighboring chains. This explains well both the decrease
in strength for peaks at ~2940 cm-1 and 1090 cm-1 and increase in the width of peak at 1090 cm-1.
An overall observation of FTIR spectra for UV aged PU-1 and PUPM3PO reveals that for
the same duration PUPM3PO experiences more severe degradation than pure PU-1 specimen. This
fact is also supported by bigger drop in tensile strength of PUPM3PO due to 45 days UV exposure
than drop in tensile strength of pure PU-1 due to 45 days UV exposure. This is in contrast to results
reported by Dintcheva et. al. [64] for UV aging of polystyrene-POSS composites. In case of PSPOSS composites, addition of POSS did not change the nature of UV-oxidation products for PS
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but introduction of POSS slowed down the formation of these reaction products. In fact, it was
proposed that when PS filled with POSS is exposed to the UV radiation, POSS undergoes
preferential oxidation resulting in a free radical thus providing protection to PS chain. If the idea
of preferential oxidation of POSS is correct, then essentially, POSS particles function as early
initiators for UV degradation reaction. In short term exposure, preferential oxidation of POSS may
be beneficial but in case of long term UV exposure the accumulation of newly formed POSS free
radicals may provide additional reaction paths (or sites) for polymer degradation and may result
in increased degradation compared to pure polymer. This hypothesis of increased degradation of
polymer-POSS composites in case of long term UV exposure is supported by tensile strength
results for PU-1 and PUPM3PO obtained after 45 days of UV radiation in this research.
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4.4

Chemical aging of Polyurea nanocomposites – Thermogravimetric analysis
Thermal oxidative stability is often been used as an accelerated test method to compare the

shelf life of a polymers. Temperature induced oxidation involves degradation of the polymer in air
or oxygen environment due to the breakage of macromolecular chains yielding smaller molecules
mostly as exhaust gases. The loss of these smaller molecules (mostly gaseous) is recorded as the
amount and rate of weight loss during heating up the sample in TGA. The oxidation reaction is
expedited at high temperature.
TGA testing of the polymer is generally used as supplementary test. TGA is used to
determine thermal stability of the polymers, moisture content analysis, compositional analysis of
polymers, filler content analysis, qualitative comparison of polymer chemistries, etc. In the present
research, PU-1 polyurea and its nanocomposites are subjected to a high temperature oxidation in
air to compare their relative thermal stabilities.
In the first part, pure PU-1 sample is heated in air using TGA furnace at the rate of
10oC/minute from room temperature to 600oC. Figure 4.36 shows the results of high temperature
oxidation of pure PU-1 sample. From Figure 4.36, It is observed that specimen shows no
appreciable weight loss upto 200oC. Afterwards, PU-1 specimen starts degrading and around
275oC specimen degradation rate becomes significant. This sets the baseline temperature limit of
200oC for relative comparison of thermal stability of various polyurea composites. Table 4.8 lists
the composite materials subjected to TGA testing to compare their stabilities. All the
nanocomposites are heated upto 200oC at the rate of 10oC/minute are held there to allow for
isothermal degradation for 1 hour.
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Figure 4.36: Thermal degradation plot for PU-1

Table 4.9 lists the amount of weight loss as the result of TGA analysis. Weigh loss in cases
of pure PU-1 and other nanocomposites is comparable except for PU-1/PM-POSS and PU1/EG+APP nanocmopsites. On one hand, PU-1/PM-POSS nanocomposites show increased
stability by reporting comparatively lower weight losses, while on the other hand PU-1/EG+APP
nanocomposites show very high weight loss.
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Table 4.8: List of meaterials subjected to thermo-oxidative degradation
Name of nanofiller

Amount of nanofiller (phr)

Sample designation

None
Nanoclay

0.0
1
2
4
1
5
10
5
10
20
0.5
3
5
10
3PM+2AM
7PM+3AM
10EG+10APP
40EG+40APP

PU-1
PUNC1PO
PUNC2PO
PUNC4PO
PUCS1PO
PUCS5PO
PUCS10PO
PUFA5PO
PUFA10PO
PUFA20PO
PUPM05PO
PUPM3PO
PUPM5PO
PUPM10PO
PU3PM2AMPO
PU7PM3AMPO
PUEG10APP10PO
PUEG40APP40PO

Calcium sulfate

Fly ash

PM POSS

PM POSS + AM POSS
EG + APP

In case of PU-1/PM-POSS nanocomposites, the amount of weight loss decreases as the
total POSS (irrespective of type) increases. PU-1/CS nanocomposites show similar behavior but
to a lesser extent. The high amount of weight loss in case of PU-1/EG+APP nanocomposites is
predominantly associated with the quick loss of intercalated acid residues in expandable graphite.
Figure 4.37 and Figure 4.38 compare the percentage weight loss in for all the nanocomposites
listed in Table 4.9.
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Table 4.9: Percentage weight loss due TGA testing
Material

% Weight loss

PUNO
PUEG10APP10PO
PUEG40APP40PO
PUCS1PO
PUCS5PO
PUCS10PO
PUFA5PO
PUFA10PO
PUFA20PO
PUNC1PO
PUNC2PO
PUNC4PO
PUPM0.5PO
PUPM3PO
PUPM5PO
PUPM10PO
PUPM3AM2PO
PUPM7AM3PO

18.075
41.18
42.57
20.035
21.685
19.15
21.075
20.19
17.965
16.92
16.92
19.835
16.66
14.795
13.975
12.695
13.96
12.85
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Figure 4.37: Percentage weight loss in PU-1 based nanocomposites durign TGA testing – Part 1

Figure 4.38: Percentage weight loss in PU-1 based nanocomposites durign TGA testing – Part 2
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CHAPTER 5
MOLECULAR DYNAMICS SIMULATIONS OF POLYUREA AND ITS
NANOCOMPOSITES

5.1

Molecular dynamics simulations
With the increasing computational power of modern computers, molecular dynamics (MD)

has become a very useful tool in studying transport and equilibrium properties of chemical
compounds. Today MD simulations are being used in the areas of chemistry, biology, materials
science, design of novel drugs and drug delivery systems, etc.
The fundamental concept that forms the foundation of MD and allows us to treat a collection
of atoms as a many body system is called Born-Oppenheimer approximation. In an atom, electrons and
nucleus possess similar magnitude of charges (but opposite in polarity). Hence it is safe to assume that
their actual momenta are comparable in magnitude. Therefore, the force exerted by electrons and
nucleus on each other are of same magnitude. However, since nuclei are much heavier than the
electrons, they move with much smaller velocities. Thus it can be assumed that the electrons will
very rapidly relax to the instantaneous ground-state configuration compared to the time-scale involved
in nuclear motion. Therefore, in case of solving time-independent Schrödinger equation, the nuclei
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can be considered as stationary and the equation can be solved independently for the motion of
electrons [65]. The collective results of electronic motion for the entire atom define the potential
surface or force field which governs the motion of the nucleus and that of the atom. However, even
with the modern computational resources, solving time-independent Schrödinger wave equation for
any practical system in order to determine the potential surface is an extremely time consuming
task. Therefore, in classical molecular dynamics force field parameters are empirically or semiempirically determined. Since nuclei are relatively heavy objects, quantum mechanical effects for
nuclear motion are mostly insignificant [66]. Thus, the nuclei can be treated as classical particles
moving under the influence of the force field and their motion can be described using Newton’s second
law of motion.
The electronic configuration around the atoms is not included into the description of these
atomic interactions. Generally, the force field parameters are empirical, derived from the quantum
modeling and sometimes, heuristic. According to Sun [67], the various force fields can be divided
into following three categories.
(i)

Force fields, which are very generic so that greater coverage can be achieved. Example:
UFF (Universal force field) by Rappe et al [68].

(ii)

Force fields that are designed to improve the accuracy in a focused area of application.
Examples: Assisted Model Building and Energy Refinement (AMBER) for bio-molecules,
Chemistry at HARvard Macromolecular Mechanics (CHARMM), Optimized Potential for
Liquid Simulations (OPLS) etc.
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(iii)

Force fields that achieve high accuracy in predicting various molecular properties with a
fairly broad coverage. In order to get the desired accuracy, these force fields either use
complicated functional form including off-diagonal cross coupling terms and high order
force constants or their parameters are derived from the high quality experimental data
and/or quantum mechanics ab-initio data. Examples: MM3, MM4, MMFF, CFF93, PCFF
etc.
For some systems, ab-initio molecular dynamics molecular dynamics approaches are used

where the electronic motion and hence the potential energy surface is determined using quantum
mechanical methods e.g. density functional theory. Although, ab-initio molecular dynamics
describe the motion of the system more accurately than classical molecular dynamics, the exorbitant
computational cost limits its application to smaller systems only.
In the present research, we use a commercially available computer program called
’Discover’ to perform classical MD simulations of PUNO polyurea. Discover is a part of
Materials studio® suite for computational materials science from Accelrys. The force field used in
the present study is called COMPASS which stands for Condensed-phase Optimized Molecular
Potentials for Atomistic Simulation Studies. COMPASS was developed from 1990 to 1998, under
the direction of the Polymer Consortium organized by Biosym/MSI (now a part of Accelrys Inc.)
[67], [69]. COMPASS is basically a hybrid approach consisting of both ab-initio and empirical
methods to derive a general force field polymer consistent force field (PCFF). This force field is
generally suitable for condensed phase applications with modified nonbonded interaction
parameters and with modified valance terms incorporating the coupling between valance kind of
interactions and nonbonded interactions.
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The functional forms of various interactions, summed together in order to yield the
COMPASS force field can be achieved from Sun [67]. The valance terms are represented by
internal coordinates of the bonds i.e. the bond length, bond angle, torsion angle and out of plane
angle whereas the cross coupling terms include the combination of or more internal coordinates.
The cross coupling terms in this force field include the bond – bond, bond – angle and bond –
torsion angle. The nonbonded interactions include Coulombic interaction terms for electrostatic
interactions and LJ-9-6 (Lenard - Jones) function in order to formulate Van Der Waals interaction.
The LJ-9-6 function is considered as a soft function in the repulsive region than the conventional
LJ-12-6 function. The electrostatic interaction is represented using atomic partial charges.
According to Sun [67], the main effect of the representation of Van Der Waals interaction by LJ9-6 potential may be observed in the torsional parameters but the changes in the torsion parameters
have very little influence on the densities and cohesive energies of molecular liquids or crystals.

Constant temperature molecular dynamics
Due to the scaling problems and computational limitations, one can simulate the behavior
of only a small number of particles (a few thousands atoms) using molecular dynamics. However,
in order to eliminate the surface and to simulate the bulk material, periodic boundary conditions
are generally used. In case of periodic boundary condition, the simulation cell is assumed to be
surrounded by its own replicas in space and thus simulating the behavior of the infinite lattice i.e.
if after some time during the simulation, an atom leaves the parent cell as a result of dynamics
from one side, its image atom enters the cell from the opposite side of the cell.
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Consider a system containing N atoms, with coordinates r1, r2…., rN in a cubic volume V
with periodic boundary conditions. Each component of position vector for each atom is a number
between 0 and V1/3. Under the assumption of periodic boundary conditions, if there exists a particle
i at position, ri, then there is an image particles at positions ri + nV1/3, where n is a vector with
integer component.
In case of constant temperature molecular dynamics, the energy of the system fluctuates.
In this case, the equations of motion of N particles in volume V are the Hamiltonian equation of
motion given as:

p
H 1
dr N

 i
dt
pi
m

(5.1)

dpi
H 1

   rˆij u , ( ij )  S
dt
ri
j ( i )

(5.2)

where, r̂ ij denotes the unit vector in the direction of ri  r j using the minimum image convention,
H1 is particle Hamiltonian, u’ denotes the time derivative of instantaneous particle potential energy
function of interparticle distance, p denotes the instantaneous particle momentum and S is a
stochastic collision term for atoms. Each stochastic collision is an instantaneous event that affects
the momentum of the particle.
These collisions between atoms take place according to the Poisson process and the time
instants at which different particles collide are statistically un-correlated. It is between these
collisions, the state of the system evolves. The simulation begins by choosing the desired
temperature of the sample, T, and the mean rate, γ, at which each particle suffers stochastic
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collisions. The probability that a particle experiences a stochastic collision in any small time
interval ∆t is γ∆t.
For large enough system, the stochastic collision frequency is much smaller than the
intermolecular collision frequency. Therefore, for most of the time, most of the molecules are
moving according to the Hamiltonian equations of motion for a closed system. The stochastic
interruptions are infrequent but they cause the energy of the system to relax to a value appropriate
to the temperature of the system. These interruptions also cause the energy to fluctuate about its
equilibrium value with the value appropriate to corresponding ensemble.
To start the simulation, one needs to pick the initial positions and momenta for all the
particles, and integrate the Hamiltonian equations of motion for the system until the first stochastic
collision. The value of the momentum of the particle after the collision can be chosen from the
Maxwell – Boltzmann distribution at temperature T. This change in momentum for the particle is
instantaneous. The momentum of the other particles remains unaffected by the collision. Then,
Hamiltonian equations of motion for the entire system are integrated until the time of next
stochastic collision. This process is repeated for the desired length of the simulation time.
The resulting time-position data obtained for atomic movement from MD simulations is
termed as ensemble trajectory. For an ergodic system, a measurement of any thermodynamic or
structural property by MD simulation is simply obtained as an arithmetic average of the various
instantaneous values assumed by that quantity during the MD run [70], [71].
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5.2

MD simulation of PU-1 polyurea
PU-1 polyurea used in present research is a reaction product between Versalink P 1000

amine (from Air products and chemicals Inc.) and 143L isocyanate (from Dow chemicals). The
chemical formula for Versalink P1000 is polytetramethyleneoxide-di-p-aminobenzoate [72] and the
chemical formula for 143L is polycarbodimide-modified diphenylmethane diisocyanate [73]. The
atomistic models of P1000 and 143L, sketched using the sketcher tool provided in the Materials studio,
are given in Figure 5.1. In all the atomistic models, different atoms are shown in different colors to
maintain the clarity.

Figure 5.1: Atomistic structure of reactant molecules for PU-1
Next, 10 PUNO monomers are joined together using the sketcher to form a single PUNO
polymer chain. Atomistic model of PU-1 monomer is shown Figure 5.2. The single chain thus formed
was subjected to initial energy minimization using the COMPASS force field with the convergence
criteria set to 1x10−5 kcal/mol/Å.
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Figure 5.2: Atomistic structure of PU-1 monomer

However, the initial minimization of the polymer chain using molecular mechanics may
trap the simulated system in local minima on the potential surface. Therefore, it is necessary to
search the conformational space to find lowest energy structure for the system using simulated
annealing. Simulated annealing drives its similarities from the annealing of metals which upon slow
cooling from liquid state (i.e. very high temperature) always attain the minimum energy
configuration in solid form. In optimization, simulated annealing is a probabilistic method for
finding the global minimum of a function that may possess several local minima [74].
Simulated annealing of the polymer chain in the present work is carried using ’Forcite’
module of Materials studio. In order to perform a conformational search of the PU-1 polymer chain
using simulated annealing, the polymer chain with 10 monomer units is heated to 1000K and then
cooled down to 600K. Since, the force field used here (COMPASS) is classical MD force field,
heating the polymer chain up to 1000K/600K does not change its chemical structure. Heating the
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molecule in such a manner simply raises the total energy of the molecule so that molecule avoids
any possible energy local minima traps and the final atomic conformation of the molecule after
energy minimization is the most stable structure. Heating and cooling of the simulated system is
done in 10 ramp steps. During each ramp, the system undergoes 500 steps of isothermal-isochoric
molecular dynamics with time step of 1 femtosecond while keeping the number of atoms constant
(NVT ensemble). The temperature of the system is controlled using Nosé thermostat. Thus, each
heating from 600K to 1000K involved 50000 MD steps. The same is true for the cooling part of
the cycle. The energy of the structure obtained after each cycle is minimized with the convergence
criteria set to 2x10−5 kcal/mol/Å. Total five simulated annealing cycles are performed for the
polymer chain. The chain structure with least total energy from these resulting five structures is
again subjected to energy minimization routine before being used to construct the amorphous PU1 polymer. Figure 5.3 shows the polymer chain after simulated annealing and subsequent energy
minimization.
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Figure 5.3: Atomistic structure of PU-1 chain after simulated annealing and energy
minimization

The amorphous structure of PU-1 polymer is constructed using “Amorphous cell” module
of Materials studio. The Amorphous Cell is a collection of tools to construct three-dimensional
periodic structures of molecular liquids and polymeric systems. The module builds molecules in a
cell in a Monte Carlo fashion, by minimizing close contacts between atoms, whilst ensuring a
realistic distribution of torsion angles for any given force field [69]. The amorphous polymer cell,
shown in Figure 5.4, in the present work is constructed using ten polymer chains shown in Figure
5.3. The simulated amorphous polymer cell is cubic and the final dimension are 60.5Å x 60.5Å x
60.2Å. The density of the cell is ramped up from the initial density of 0.1 grams per cubic
centimeters to final density of 1.3 grams per cubic centimeters. The simulated cell contains total
24200 atoms, 24590 chemical bonds and 61310 torsional angles.
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Figure 5.4: Amorphous cell containing PU-1 chains

The resulting cell containing amorphous polyurea is subjected to two step NVT molecular
dynamics. In the first step of MD simulation, the above amorphous system of PU-1 is subjected to
MD simulation at 353K (80oC) in NVT ensemble to simulate the curing of the polymer. Total time
of dynamics is 200 picoseconds with 1 femtoseconds time step. The resulting system is further
subjected to dynamics run at 298K for 200 picoseconds with 1 femtoseconds time step to equilibrate
the system at room temperature. The temperature for these MD simulations is controlled using
Nose thermostat. At the end of the dynamics run, the amorphous polymer cell is used to calculate the
elastic properties of the simulated PU-1 system.
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Elastic constants calculations for the final atomic configuration is carried out by the
approach suggested by Theodorou and Suter [75], called as static method. The elastic constants in
this approach are defined as:

Clmnk 

 lm
 nk


T , nk

1
2 A
Vo  lm  nk

(5.3)
T , lm , nk

where A denotes the Helmholtz free energy, ε is the strain component, σ is the stress component
and Vo is the volume of the simulation cell in the undeformed configuration. However, they
reported that changes in configurational entropy upon deformation and the strain dependence of
the vibrational frequencies ought to be negligible. Therefore, it should be possible to estimate the
elastic stiffness coefficients from numerical estimates of
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where, U is the potential energy of the system.
In Materials studio, determining the elastic constants of any molecular system is a multistep
procedure. During the first step, the molecular configuration submitted for static elastic constants
analysis is subjected to energy minimization with target minimum derivative of energy of 0.1
kcal/Å or a maximum of 1000 steps, whichever occurs earlier. Following this initial stage, three
tensile and three pure shear deformations of magnitude ±0.0005 are applied to the minimized
system and the system is re-minimized following each deformation.
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As a result of these simulations, the elastic stiffness coefficients can then be obtained by
calculating ∆σi/∆εj for each of the applied strains, where σi represents, in vector notation, elements
of the stress tensor obtained analytically using the following expression.
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where, index i runs over all particles 1 through N; mi, vi and fi denote the mass, velocity
and force acting on particle i; and V0 denotes the (undeformed) system volume. In an atomistic
calculation, this expression for internal stress tensor is called virial expression. This internal stress
tensor is, then, used to obtain estimates of the six columns of the elastic stiffness coefficients
matrix. This approach creates the foundation of calculating elastic constants; however potential
energy expression can alter depending upon the ensemble of thermodynamic variables of the
simulation experiment.
The results of the elastic properties calculation for pure PU-1 system shown in Figure 5.4
are given in Table 5.1 below.

Table 5.1: Effective isotropic elastic constants of simulated PUNO polyurea
Elastic property
Tensile modulus, GPa
Bulk modulus, GPa
Shear modulus, GPa
Poisson’s ratio
Lamé constant, λ
Lamé constant, µ

Simulation results
3.5
5.6
1.3
0.4
4.79
1.27
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5.3

MD simulation of PU-1/PM-POSS nanocomposites
In the second chapter, static tensile testing of the various of PU-1 abased nanocomposites

reveals that, in general, PM-POSS based nanocomposite perform better than composites with other
nanoreinforcement. Therefore, the next step up from the simulation of pure PU-1 involves the
simulation of PU-1/PM-POSS nanocomposite. Two types of PU-1/PM-POSS nanocomposites
with 0.5 phr PM-POSS (PUPM0.5PO) and 3 phr PM-POSS (PUPM3PO), respectively, are
simulated using molecular dynamics. The primary aim of these molecular dynamics simulations
is to verify the effects of nanoreinforcement addition on static elastic material properties.
Figure 5.5 shows the primary atomic structure of the PM-POSS used in the current research
[76]. In this figure it is shown that POSS has two primary structures, First structure is three
dimensional closed cage POSS structure (Figure 5.6a) while and the other structure is two
dimensional flat sheet-like structure (Figure 5.6b). In the second structure, two oxygen bonds,
initially lying along the edge of three dimensional POSS cage are broken and the resulting structure
opens up like a flat sheet. The Si atoms on the cage corner are functionalized with vinyl group to
increase the compatibility of POSS in different environments. POSS from Hybrid Plastics, used in
this research, comprises of both caged and flat POSS structure in 60:40 ratio [77]. In practice,
caged and flat POSS structures polymerize to yield the final atomic structure as shown in Figure
5.6. The maximum molecular weight of polymerized POSS is reported as less than 4000 [77].
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Figure 5.5: Molecular structure of PM-POSS [76]

As the first step, both caged and flat POSS structures are drawn using the sketcher tool
available in Materials studio®. Subsequently, both the structures are separately minimized using
COMPASS force field to get stable energy minimized structures. First PU-1/PM-POSS composite
subjected to MD simulations contains 3 phr POSS in polyurea matrix. Polyurea chains used in
previous simulation are used in order to simulate amorphous composite structure. The average
molecular weight of single polyurea chain used in this simulation is 15140. Total 10 polyurea
chains are used to simulate the amorphous structure of PU-1 nanocomposite with 3 phr PM-POSS
nanocomposite. As mentioned earlier that POSS used in this study is 60:40 mixture of cage-like
POSS structure and flat POSS structure. The POSS molecule used here is polymerized from four
cage-like POSS and two flat POSS thus maintaining the ratio of 67:33 between caged and flat
POSS in the molecule. The final POSS molecule comprises of 57 atoms with molecular weight
equal to 3796 which makes PM-POSS content in the composite equal to 2.5 phr. Simulated
annealing of this polymerized POSS molecule is performed according to the procedure described
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in the previous section in order to get stable conformation of the POSS molecule. The final
structure of the POSS molecule used as reinforcement for MD simulation of PUPM3PO is shown
in Figure 5.7.

Figure 5.6: Atomistic structure of Cage-like (a) and flat (b) PM-POSS

Figure 5.7: Polymerized PM-POSS molecule used as nanoreinforcement in PUPM3PO
153

FTIR spectroscopy results about un-aged PU-1/PM-POSS nanocomposites presented in
Figure 4.28 and 4.29 offer no evidence about any chemical reaction between PU-1 polyurea and
PM-POSS. Therefore, it is justified to assume that PM-POSS works as mechanical reinforcement
in the composite at the nanoscopic levels. In addition, due to strong presence of peaks belonging
to disordered hydrogen-bonded carbonyl groups in FTIR spectra of both the composite materials,
it can be considered that these nanocomposites possess amorphous microstructure.
The amorphous structure of the PUPM3PO composite, shown in Figure 5.8, is constructed
using “Amorphous cell” module of Materials studio® with 10 chains of PU-1 (Figure 5.3) and one
instance of PM-POSS (Figure 5.7) per procedure described in the previous section.
The resulting periodic cell containing amorphous nanocomposite is subjected to two step
NVT molecular dynamics. In the first step of MD simulation, the above amorphous system of PU1 nanocomposite is subjected to MD simulation at 353K (80oC) in NVT ensemble to simulate the
curing of the composite. Total time of dynamics is 200 picoseconds with 1 femtoseconds time step.
The resulting system is further subjected to dynamics run at 298K for 200 picoseconds with 1
femtoseconds time step to equilibrate the system at room temperature. The temperature for these
MD simulations is controlled using Nosé thermostat. At the end of the dynamics run, the amorphous
polymer cell is used to calculate the elastic properties of the simulated PUPM3PO system following
the procedure described in the previous section. Table 5.2 shows the resulting elastic constant for
PUPM3PO nanocomposite
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Figure 5.8: PU-1/PM-POSS nanocomposite with 3 phr PM-POSS

Table 5.2: Effective isotropic elastic constants of simulated PUPM3PO nanocomposite
Elastic property
Tensile modulus, GPa
Bulk modulus, GPa
Shear modulus, GPa
Poisson’s ratio
Lamé constant, λ
Lamé constant, µ

Simulation results
11.8
15.7
4.3
0.38
12.8
4.3

Similar approach is followed to perform molecular dynamics simulation for PUPM0.5PO
nanocomposite. PM-POSS molecule shown in Figure 5.9 is used as reinforcement for PUPM0.5PO
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nanocomposite shown in Figure 5.10. Molecular dynamics runs for PUPM0.5PO are carried out
per procedure used in MD runs for PUPM3PO in previous section. Table 5.3 shows the resulting
elastic constant for PUPM0.5PO nanocomposite.

Figure 5.9: Polymerized PM-POSS molecule used as nanoreinforcement in PUPM0.5PO
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Figure 5.10: PU-1/PM-POSS nanocomposite with 0.5 phr PM-POSS

Table 5.3: Effective isotropic elastic constants of simulated PUPM0.5PO nanocomposite
Elastic property
Tensile modulus, GPa
Bulk modulus, GPa
Shear modulus, GPa
Poisson’s ratio
Lamé constant, λ
Lamé constant, µ

Simulation results
9.6
13.8
3.5
0.38
11.5
3.5

In both the cases (Table 5.2 and Table 5.3) tensile modulus obtained from the molecular
dynamics simulations are multiple orders of magnitude higher than average elastic modulus
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obtained from nanoindentation testing (Figure 3.51 and Figure 3.52). The difference between the
elastic moduli obtained from the two approaches can be explained on the basis of the fact that MD
models are highly idealized. These models are free from various deleterious imperfections such as
agglomeration of nanoreinforcements, voids, imperfect interface between matrix and
reinforcement, impurities, etc. However, in both the cases, the trend in elastic modulus with respect
to amount of nanoreinforcement is same. Both the approaches show that as more and more POSS
reinforcement is added in the polyurea matrix, the elastic modulus of the resulting composite
increases. In any MD simulation, properties averaged over entire simulation trajectory are
representative of averaged local properties on macroscopic scale. In case of nanoindentation test,
elastic properties are calculated from the indentation test conducted on a very small region of the
specimen compared to size of the macroscopic system (although orders of magnitude bigger than
the region considered in MD simulations). These test are repeated over the entire sample and
average results are reported. Thus, both the approaches tend to downplay the overall effects of
various deleterious imperfections mentioned above. Therefore, the two approaches may yield
similar trend in material properties. On the other hand, DMA testing, which is a macro level testing,
shows that two composites have comparable elastic modulus.
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CHAPTER 6
ATOMIC FORCE MICROSCOPY OF POLYUREA NANOCOMPOSITES

6.1

Atomic force microscopy
In 1986 Gerd Binnig and Heinrich Rohrer (IBM Zrich) received the Nobel Prize in physics

for developing a microscope, called ’Scanning tunnel microscope (STM)’, capable of revealing
atomic level surface details [78]. The working of STM is based upon ’quantum tunneling’. In
quantum tunneling, when a conducting tip is brought closer to the target surface, a suitable bias
voltage applied between them in vacuum allows a stream of electron to pass between them
generating current. However, the limitation of having a conducting scanning tip and conducting
base limits the application of STM. This limitation was overcome by Binnig, Quate and Gerber by
inventing the first ’Atomic force microscope (AFM)’ in 1986 [79].
In AFM a nanosize cantilever probe with a sharp tip is scanned or tapped along the surface of
specimen. The displacement of the tip is monitored with the help of a laser beam and split photodiode.
There are several variants of AFM, depending upon the type of force scanning cantilever experiences
such as mechanical contact force, Van der Waals forces, capillary forces, chemical bonding,
electrostatic forces, magnetic forces, etc. [79], providing chemical and physical information about
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the surface. This has converted AFM into a multifunctional technique suitable for the
characterization of topography, adhesion, mechanical and many other physical properties. The
dimensions of the AFM scanning area may range from a few micrometers to several nanometers.
During the sample scanning, the cantilever tip is brought close to the sample surface. The
distance between the tip and the sample is kept constant using a feedback loop, shown in Figure 6.1,
which maintains the constant cantilever tip-sample separation by moving the scanner in the z
direction in order to maintain the user defined set-point deflection. The set-point for the deflection
is the ratio of cantilever vibration amplitude during the scanning to the cantilever amplitude at
resonance. A laser beam, aligned at the back of the cantilever tip, reflects off the cantilever surface
to a split photodiode, which monitors the cantilever deflection. This cantilever deflection is then
reported back to the feedback loop. Finally, the distance the scanner moves in the z-direction is
stored in the computer relative to variation in the x-y plane to generate topographic image of the
sample surface [80]. A schematic diagram for the operating principles of AFM in the contact mode
is shown in Figure 6.1 [79].
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Figure 6.1: Schematic Diagram for exhibiting the operating principles of AFM in contact
mode [79]

There are three primary modes of imaging using AFM.
a.)

Contact Mode
Contact mode AFM is one of the broadly used scanning probe modes. It operates by sample

scanning using a sharp tip, usually silicon or silicon nitride attached to a low spring constant
cantilever. The spring constant is extremely low in the range 10−9 N/m which is compatible with
interatomic force ranges, thereby pushing the tip against the sample as it scans. The repulsive and
attraction forces between the tip and the surface or the deflection is recorded relative to spatial
variation and then converted into an analogue image of the sample surface.
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b.)

Non-Contact Mode
In this mode, the probe operates in the attractive force field and the tip-sample interaction

is minimized. This mode allows scanning without influencing the shape of the sample by the tipsample forces. The spring constant for the non-contact mode is usually a high (20-100 N/m) to
ensure that the tip will not crash on the surface of the sample.

c.)

Tapping Mode
In the tapping mode, the cantilever is oscillated at a pre-defined amplitude set-point with

respect to its resonance frequency. An electronic feed-back loop ensures the oscillation amplitude
remains constant. In other words, a constant tip-sample interaction is maintained throughout the
surface scanning. The interaction forces between the tip-sample will not only cause a change in the
oscillation amplitude, but also change the resonant frequency and phase of the cantilever. The
amplitude change signal is converted into height image and the phase changes are presented in a phase
image. Height and phase images are often obtained simultaneously to show the variations at different
points on the surface.

6.2

Atomic force microscopy of PU-1 and its composites in control conditions
For soft materials such as polymers, it is found that the high tip-sample forces in the regular

tapping mode, especially due to the presence of lateral forces, often leads to physical wear of the
surface. In order to avoid such surface damages, soft-tapping mode is preferred. AFM
instrumentation setup, Nanoscope IIIa multimode scanning probe microscope, used in this work for
the imaging polyurea nanocomposites is shown in Figure 6.2. In the present research, the AFM is
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operated at ambient temperature. Silicon AFM cantilever probes having spring constant of 5N/m and
resonance frequency of 150 kHz with reflective aluminum coating on the back side is used to
generate phase images of various polyurea nanocomposites. The tapping force is varied by controlling
the amplitude set-point depending upon the specimen.

Figure 6.2: AFM instrumentation setup used in present research

Figure 6.3 shows the AFM image of pure PU-1 specimen at different magnifications. As
expected, Figure 6.3 shows rod-shaped hard domains of polyurea within the soft domain. Due to
strong hydrogen bonding effects between the polyurea chains, the hard domain embedded in the
soft domain functions as stiff/strong reinforcement which gives polyurea a broad range of
mechanical responses under dynamical loading.
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Figure 6.3: AFM phase image of pure PU-1 specimen

AFM phase images of two representative PM-POSS and PU-1 nanocomposites,
PUPM0.5PO and PUPM3PO are shown in Figure 6.4. Depending upon the amount of PM-POSS,
addition of PM-POSS in the PU-1 matrix leads to a moderate to dramatic modification of the
matrix microstructure, as revealed by tapping mode AFM phase images of PUPM0.5PO and
PMPM3PO nanocomposites. In Figure 6.4, it can be seen that in either case, PM-POSS
nanoparticles do not attach themselves to the polymer chains. Instead, PM-POSS nanoparticles
tend to agglomerate and function as physical reinforcement in the formation of polyurea
nanocomposites. Figure 6.4 clearly shows higher number of POSS agglomerates in PUPM3PO
due to higher loading of nanoreinforcement compared to PUPM0.5PO.
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Figure 6.4: AFM phase image of PU-1/PM-POSS nanocomposite specimen

6.3

Atomic force microscopy of PU-1 subjected to UV and hygrothermal aging
Figure 6.5 shows AFM phase images of pure PU-1 specimens subjected to different aging

conditions. In case of UV aging (Figure 6.5a), polymer chains undergo degradation by photooxidation / photolysis. One of the main consequence of UV aging is the polymer chain breakage
which provides polymer chains higher mobility for rearrangement under the influence of external
factors. Decrease in polymer chain length and increased mobility changes the morphology of hard
phase in polyurea microstructure from long sharp needle shape to shorter curved shape
(Figure6.5a) embedded in soft phase.
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AFM phase image of PU-1 specimen subjected to hygrothermal aging is shown in Figure 6.5b.
However, in this case morphology of polyurea hard phase does not change significantly and it
maintains its long needle shape. It means that hygrothermal aging does not affect properties of PU1 polyurea. This claim is also supported by almost overlapping FTIR spectrum of un-aged and
aged PU-1 specimen (Figure 4.30 and Figure 4.31).

Figure 6.5: AFM image of aged PU-1 specimens

6.4

Atomic force microscopy of PU-1 and its composites subjected to tensile loading
Das et al [81] reported that when polyurea is subjected to tensile loading beyond initial

yield point of the polymer the needle shaped hard domain attempts to align itself in the direction
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of loading. Upon load relaxation, the randomness in hard domain alignment is partially
recovered. However, due to incomplete recovery of hard domain alignment randomness, interhard-domain connectivity is partially lost. Reloading of such polyurea specimen shows decrease
in polyurea elastic modulus. Choi et al [3] and Rinaldi et al [4] reported similar polyurea
softening behavior using X-rays scattering experiments. Therefore, it is imperative to study
effect of addition of nanoreinforcements on polyurea relaxation behavior. Such an investigation
is also required in order to completely understand the reinforcing mechanism of PM-POSS in
polyurea.
In this research, a loading fixture, shown in Figure 6.5 is designed at NIRG to apply
tensile loading with different stretch ratios on the PU-1/PM-POSS nanocomposites. The
movement of polyurea hard domain and PM-POSS particle is studied by placing loaded
composite specimen under atomic force microscope. Unfortunately, this portion of research
could not be performed due to unavailability of AFM capable of performing such a study.
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Figure 6.5: Tensile loading fixture for AFM studies of PU-1/PM-POSS composites
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

In this dissertation, sincere attempts are made for extensive characterization polyurea and
its various nanocomposites. Novel polyurea based nanocomposites are synthesized using several
nanoreinforcements in different proportions using closed-die molding. The baseline performance
of these nanocomposites is established using tensile, dynamic mechanical and nanoindentation
testing in un-aged condition. Effects of physical and mechanical aging on mechanical properties
and chemical makeup of these nanocomposites are evaluated. The main findings of this research
work can be summarized as follows.

7.1

Conclusions

Characterization of un-aged PU-1 based nanocomposites
Polyurea nanocomposites are manufactured with different amounts of calcium sulfate, fly ash,
nanoclay, PM-POSS, mixture of PM-POSS and AM-POSS and mixture of expandable graphite and
ammonium polyphosphate. Tensile testing of control specimen of all the nanocomposites establishes that
composites with PM-POSS as reinforcement show most gain tensile properties. Among various PM169

POSS / PU-1 nanocomposites, composites with low PM-POSS content show most improvement and as
PM-POSS loading is increased beyond 0.5%, the improvement in tensile strength decreases. Phase
images obtained using AFM shows the agglomerates of POSS particles as POSS content is increased
(3% or greater) which may contribute drop in improvement in tensile properties.
From further testing, it seems that among all types of POSS reinforcements, only PM-POSS
has better compatibility with polyurea because in case of composites with mixture of PM-POSS and
AM-POSS, composites with low AM-POSS content, with varying PM-POSS contents, show
significant gain in tensile strength. On the other hand, at a fixed PM-POSS content, loss in composite
tensile strength is observed as AM-POSS content is increased.
However, the gain in tensile strength due to addition of PM-POSS nanoreinforcement
depends on chemistry of polyurea matrix. When matrix material is changed from PU-1 to PU-2
polyurea, addition of small amounts of any nanofiller does not have any significant impact on the
tensile strength of resulting composites whereas addition of higher amount of filler decreases the
composite properties considerably.
Material storage modulus response captured in DMA experiments is a representative of
material behavior at low strains within the elastic limits. With the exception of PUEG40APP40PO,
storage modulus is found to be strongly matrix dependent for all nanocomposites. In these
composites, load sharing mechanism seems similar to those found in precipitation hardened
composites where the matrix works as primary load bearing constituent in the composite. Even in
case of nanocomposites with moderately high loading of nanofiller the material storage modulus does
not differ from that of pure polyurea considerably. In case of PUEG40APP40PO, due to higher filler
content the load bearing mechanism of composite is changed and most of the load applied in borne by
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reinforcement and polyurea works as binding agent only.
Materials elastic modulus and hardness data obtained from a series of nanoindentation tests are
fitted using various statistical distributions in order to obtain average material properties. In all the
cases, the goodness of fit is confirmed by K-S test with α = 0.05. Average elastic modulus values
determined from nanoindentation tests and those from low frequency DMA tests are in excellent
agreement. However, there is a large standard deviation in elastic modulus values in case of
PUEG40APP40PO due to microstructural inhomogeneity resulting from high nanoreinforcement
loading. In case material hardness, except for PUEG40APP40PO, addition of nanoreinforcements
does not alter the material hardness for polyurea (PU-1) based nanocomposites.

Aging of polyurea nanocomposites
Long term performance of any novel materials in its working environment is an intriguing
area of research. Selective polyurea based composites are subjected to loading in their elastic regime
at a series of temperatures to evaluate their long term elastic performance using time temperature
superposition principle. In the long run, pure PU-1 specimen are most compliant material. Present
research shows that presence of even a small amount of nanoreinforcement in composites
significantly alters their long term loading carrying capabilities. Also, it is shown that in case of PU1 / PM-POSS nanocomposites, although their initial elastic stiffness are comparable, long-term
stiffness differ significantly and it is proportional to the amount of reinforcement added in the
composite material. In case of PU-1 based composite with expandable graphite and ammonium
polyphosphate (EG+APP), due to higher amount of microstructural inhomogeneity initial material
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stiffness is also altered considerably. This suggests the change in load carrying mechanism of
EG+APP composites from PM-POSS composites. However, the effect of nanoreinforcement on
long term performance is also evident in this case as well.
In case of nanocomposites subjected to environmental aging, from post-aging tensile
testing results it can be observed that PU-1 based composite lose their tensile strength during the
initial periods of environmental cycling, i.e. at the end of 4 weeks. The drop in tensile strength is
stabilized for the rest of the environmental cycling. FTIR spectra of six month hygrothermally
aged polyurea / PM-POSS nanocomposites show some change in their chemical makeup. These
changes in FTIR spectra suggest dissociation of polymer chains due to environmental loading.
After forty five days of UV exposure, tensile properties of pure PU-1 specimen remain
almost unchanged. However, effects of UV exposure are more severe in case of PU-1 / PM-POSS
nanocomposites. This observation is in contrast to results reported elsewhere that POSS particles
provide protection against UV aging by functioning as sacrificial constituent of the composite
during aging. Enhanced deterioration of PU-1 / PM-POSS nanocomposites is explained with the
help of Fourier transformed infrared (FTIR) spectroscopy and quasi-static mechanical testing. The
sacrificial protection offered by POSS against UV exposure is beneficial only in the early stages
of aging. During prolonged UV exposure, these POSS particles provide increased number of sites
for the nucleation of UV degradation of polymer which results in higher amount of material
degradation as compared to pure polymer. These FTIR spectra of UV aged PU-1 / PM-POSS show
the presence of absorption peak belonging to peroxide group which suggest that degradation of
these nanocomposites occurs through photo-oxidation reaction.
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Phase based images of pure PU-1 obtained using atomic force microscope confirm the
microscopic segregation of soft and hard phase of polyurea. Hard phase appears as needle shaped
reinforcement embedded in soft phase matrix. Phase images of PU-1 / PM-POSS nanocomposites
show the formation of PM-POSS aggregates which suggests that PM-POSS nanoparticles do not
chemically react with polyurea matrix and function as precipitation hardening reinforcement
spread in polymer matrix.
Elastic properties of pure PU-1 polyurea, PUPM0.5PO and PUPM3PO are calculated using
molecular dynamics approach. The observed difference between experimentally observed elastic
modulus obtained from nanoindentation testing and that calculated using MD simulation is
explained on basis of present imperfections in the real composite. In case of PM-POSS based
nanocomposites, elastic properties from MD simulation follow similar trend as observed in
nanoindentation testing.

7.2

Recommendations for future work



Systematic study of effects of curing temperature and its duration on the mechanical,

chemical and microstructural state of polyurea and its nanocomposites is highly recommended.



In case of pure polyurea, state of crystallization varies with nature and stoichiometry of

reactants and curing parameters. Once baseline crystallization characteristics of polyurea are
established using TGA and FTIR analysis, it will be interesting to study the effect of addition small
amount of PM-POSS on state of crystallization in PU-1 polyurea microstructure. In this case, small
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amounts of PM-POSS can also be treated as trace amount of impurities present during the
polymerization process.



A few studies have reported that moisture works as a reactant in UV degradation reactions

of polyurea. Therefore, it becomes imperative to carry out prolong moisture absorption studies for
uncoated polyurea specimen and polyurea specimen coated with moisture barrier film using
gravimetric and TGA analysis. Specimen with varying amounts of moisture can be subjected to
prolonged UV exposure. The extent of degradation in mechanical properties and chemical makeup
of polyurea can be studied.



Polyurea undergoes strain induced rubber to glass transition at high strain rate loading

which helps polyurea absorb blast loading. From the static tensile testing results, the present
research has established that polyurea with small amounts of PM-POSS shows significant
improvements in mechanical performance. As a natural extension, attempts should be made to
study high strain rate induced rubber to glass transition in case of polyurea and PM-POSS
nanocomposites.



Under tensile loading, the needle shaped hard domain of polyurea is realigned in the

direction of tensile loads. Attempts should be made for qualitative and quantitative characterization
of change in hard domain size and inter-domain spacing due to externally applied tensile load
using atomic force microscope. In order to gain further understanding about this mechanism of
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intrinsic reinforcement in polyurea, this study could be enhanced by evaluating the effect of
polyurea curing parameters on hard domain shape and size.
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